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TECHNICAL PUBLICATION

REUSABLE ROCKET ENGINE OPERABILITY MODELING AND ANALYSIS

1. INTRODUCTION

The reusable launch vehicle (RLV) cooperative development program between NASA and the

aerospace industry demands the design of cost-effective vehicles and associated propulsion systems. In

turn, cost-effective propulsion systems demand minimal and low recurring costs for ground operations.

Thus, the emphasis early on in this program should be effective operations modeling supported by the

collection and use of applicable operations data from a comparable existing system. Such a model could

support the necessary trades and design decisions toward a cost-effective propulsion system development

program. These analyses would also augment the more traditional performance analyses in order to support

a concurrent engineering design environment.l-4

In this view, functional area analyses are conducted in many areas including operations, reliability,

manufacturing, cost, and performance, as presented in figure 1. The design engineer is responsible to

incorporate the input from these areas into the design where appropriate. The designer also has the

responsibility to conduct within and between discipline design trades with support from the discipline

experts. Design decisions without adequate information from one or more of these areas results in an

incomplete decision with potential serious consequences for the hardware. Design support activities in

each functional area are the same. Models are developed and data are collected to support the model

analysis. These models and data are at an appropriate level of detail to match the objectives of the analysis.

Metrics are used in order to quantify the output. This is an iterative approach that supports the design

schedule with results updated from increasingly more detailed design information.

Figure 1. Disciplines in design.



Currently,in aerospaceapplications,thereis a mismatchbetweenthe complexityof models(as
supportedby thedata)within thevariousdisciplines.Forexample,whilegoodengineperformancemodels
with accuratemetricsexist,theuseof absolutemetricsof reliability for rocketenginesystemsanalysisis
rarelysupported.This isaresultof thelackof goodtestdata,lackof comparableaerospacesystems,anda
lackof comparativeindustrialsystemsrelativeto aerospacemechanicalsystems.Metrics alsotendto be
lesscrediblefor reliability. Thereis, asyet, not acomparablereliability metric that would allow oneto
measureandtrackreliability astheenginespecificimpulse(Isp)metricallowsoneto measureandtrack
engineperformance.Performancemodelssuchasanenginepowerbalancemodelor a vehicletrajectory
model tend to beof gooddetail, with a goodpedigree,andthe resultswell acceptedby the aerospace
community.Thepropulsionsystemdesignerhasto beawareof theseanalysisfidelity disparitieswhenit
becomesnecessaryto baseadesigndecisiononananalysis.

Thereisaneedtodevelopmodelstoobtaindifferentobjectives.Earlyinalaunchvehicledevelopment
program,atop-levelanalysisservesthepurposeof definingtheproblemandsecuringtop-levelmetricsas
to the feasibility andgoalsof the program.This "quick-look" model effort servesa purpose--it often
definesthegoalsof theprogramin termsof performance,cost,andoperability.It alsois explicit aboutthe
needto do thingsdifferentlyin termsof achievingmorestringentgoals.A detailedbottom-upanalysisis
moreappropriateto respondto theallocationbasedonanindepthstudyof theconcepts.The"quick-look"
model is appropriateif theprojectmanageris thecustomer;thedetailedanalysisis directedmoreat the
designengineer.Both areof value.The "quick-look" modelalsomayservethepurposeof the allocated
requirementsmodel,themodelto whichcomparisonsaremadeto determinematurity of thedesign.It is
inappropriateto use the datathat supportedtheallocationof requirementsto also supportthe detailed
analysis.Althoughoftendone,this is inappropriateandcould leadto misleadingresults.

The acquisitionof good datais a traditionalproblemfor the definition of baselinesystemsfor
aerospacelaunchvehicleoperationsanalyses.For all modelsdevelopedhere,the SpaceTransportation
System(STS)andthe spaceshuttlemain engine(SSME) areusedasthe sourceof historical reusable
vehicleand enginesystemsoperationsexperience.For the detailedmodel, the approachdemandsthe
identificationof therequirementsfor SSMEgroundoperationsandtheroot sourceof the requirements.
Fromthis, areusableenginemodelis developedthatisbasedon theSSMEoperationsmodel.This isdone
throughincrementalmodificationof thebaselineoperationsmodelbasedon the proposedchangesfrom
theSSMEto thereusableengine.Themodificationsof theseprocessingactivitiesarebasedonchangesin
hardwareconfigurationandtechnology,processingtechnologyimprovements,andoperationsphilosophy.
Thereusableenginesystemmodel is then traceableto pastrequirementsandhistorical experience.This
modelingapproachsupportscredibleoperationsmodelingandanalysis.In thispaper,thebaselineSSME
modelandademonstrationof its utility arepresented.



2. BACKGROUND

The lack of historical data in support of aerospace launch vehicle operations analyses is acute. Data

are either unavailable due to not being collected or not public, or are so highly aggregated as to mask

needed detail at the process level. Top-level models generated by existing data were generally useful only

for supporting programmatic goal discussions. Discrete event simulation models have often been models

of choice. 5-7

One approach to aerospace launch vehicle operations analyses is to compare with aircraft data.

This information is generally more readily available and in the proper format with data collected from a

maintainability point of view. Several papers have taken this approach.8, 9 While this data supports good

model development, the question of applicability of results is more of an issue. This is especially true of

rocket and aircraft propulsion systems with major differences in configurations, environment, and operating

philosophy. Specifically, these differences include operating environment; operating temperatures, pressures,

and thrust; ability to idle, taxi, and loiter aircraft engines and vehicles; use of cryogenic fuels on rockets;

large performance margins on aircraft; nonintrusive health management of aircraft propulsion systems;

and, perhaps the major difference, a philosophy of use with aircraft that tolerates test and operational

failures (and even loss of life).

Ground operations analyses have also been conducted for aerospace launch vehicles based on

available STS operations data.lOA 1 Although the available data were found to be insufficient, 12 existing

databases can be augmented by other sources, such as the experience of launch site personnel. This study

builds on this approach. The SSME is regarded as the most directly applicable baseline for comparison

with future and similar liquid oxygen (LO2)/liquid hydrogen (LH2) rocket systems. Thus, for this effort,

extensive data collection was undertaken for STS propulsion systems to augment the existing databases. A

baseline set of propulsion systems ground operations databases has been developed with the goal of

supporting detailed engineering analyses of process and manpower requirements for future propulsion

system concepts.



3. OPERABILITY ASSESSMENT METHODOLOGY

A. Approach

The operability assessment methodology described in this document reflects an end-to-end process

flow model that models the uncertainties inherent in the attributes of the process flows. This approach

attempts to substitute a rigorous and objective structure for more qualitative types of judgments and to

focus design experiences to help determine areas of design confidence. It is to be used upfront in the design

process and combines past flight vehicle experiences with design analysis to determine cost and schedule

parameters of interest. It can be used in the analysis of any process flow where the goal is to optimize

processing in order to minimize cost and schedule impacts.

The continuum of process flow activities includes development through manufacturing, assembly,

and operations. For this modeling effort, the emphasis will be on the operational phase only. Figure 2

presents the flows of the operational phase of a launch vehicle, a subset of which will be the focus of this

analysis.

Sustaining_ and _ Flight Recovery

Engin;ering_ kRefurb;hment/I k _r

/ __ ] I EvaluatiOn ] I Evaluatic_n I I Evaluation I [ Evaluation I

I I I I
VendorandPart [

Obsolescence I

Mission [Requirements

MissionPlanning ]

="m°"'t_.l"=uoc "l--.fand

Figure 2. Launch vehicle process flow--operational phase.
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The process flow model avoids estimates of cost and schedule parameters based upon nonspecific

design characteristics such as weight and the use of integration "scale factors." In this modeling effort, cost

and schedule indicators will be based upon realistic, high-fidelity process flows targeted against the current

design configuration.

This approach incorporates past vehicle development experiences in terms of experience databases.

These are critical parts of this methodology and are explicitly included in the approach. Since it is often

difficult to obtain historical data to support these design decisions, a significant effort was undertaken to

identify, incorporate, and appropriately structure this information for use with the process flow model.

Figure 3 presents the input flowing to the proposed process flows of a new launch vehicle. The new

vehicle requirements and design configuration contribute in the definition of flows as does information

gathered relative to historical launch vehicle flows. Data and requirements that are applicable from past

launch and flight vehicles, including aircraft, expendable launch vehicles (ELV's), and the STS, may be

used to generate or edit proposed flows and will be the main source of what is required (attributes) by these

process flows in terms of manpower and schedule. The design and proposed flows will be continually

updated, thus the approach is iterative. Also, historical data will be useful in providing insight into the

traditional problems associated with the proposed process flow. Finally, new systems may require certain

technology or special analyses to determine the operability of the system. This is also input to the process

flow definition process. All of this information is, of course, subject to adaptation and interpretation by the

design, manufacturing, and operations engineers. These groups and others must be involved at the outset in

order for this to be a truly concurrent engineering effort.

I
l

I Low-LevelAnalysesI

U TradeStudies

I VehicleConfiguration - U Technology
Requirementsand Design L k Requrements

FlightVehicleRequirementsDocs

_.L_ Other I

Delta I

Atlas I Vehicle

Proposed ProcessJ-_l Titan I Flowsand Attributes

 LS,SI Engineering
Judgment

Model
Development

Activities

l Lessons _[ Process Flow
Learned Modelng

Quantifiable
Performance Measures

Operability Allocation
DesignAlternatives

End-to-EndPerformance
Measures

Figure 3. Operability assessment methodology.



The lessons learned on other vehicles implicitly affects current design engineering efforts and also

serves to organize the search for applicable historical data. For example, the problems of past hydraulic

systems on flight vehicles may cause the design engineer to attempt to include an electromechanical actuator

(EMA) subsystem into the current design. Also, this "lesson learned" can serve to organize the identification

of historical process flows, requirements, and experiences. Organized appropriately, historic processes

associated with hydraulics can be easily pulled from the database, thus facilitating the analysis of this

problem area by an appropriate design engineering team. This step of the methodology involves more of a

qualitative assessment than a quantitative one. However, there is a structure surrounding the use of"lessons

learned" that reflects the need to evolve and iterate this process with the "lesson learned" information.

Once the process flows and associated attributes have been defined, the modeling of the flows to

generate quantifiable performance measures can be supported. The probabilistic nature of the system is

clear due to the uncertain environment. Sensitivity studies, design change studies, and operability assessment

studies are all supported.

A top-down approach is utilized in identifying and tracing process flows. At the outset, this

hierarchical method is useful in identifying major cost and schedule drivers and assists in the allocation of

scarce resources in the further analysis of the lower-level process flows. The danger of low-level analyses

is the danger of misallocation of scarce resources to analyses that are not clearly important cost or schedule

drivers. A top-down approach creates traceability of functional flows at each level in the hierarchy. It also

serves to document and allocate the top-level program requirements. Its usefulness is limited to a "quick-

look" analysis and for comparison purposes with the detailed analyses.

This methodology is designed to incorporate results from bottom-up analyses. Systematic evaluations

of low-level process flows in terms of cost and schedule attributes will feed a detailed modeling activity.

Once both models exist and comparisons are supported, both goals and actual timelines are subject to

change: the top-down apportionment can be reallocated or changed; and the bottom-up reanalyzed and

adapted to design changes resulting from changes incorporated into the design influenced by this modeling

activity. Given this approach, the initial emphasis of this effort will be on supporting relative comparisons

among design changes. Upon completion of an appropriate level of detail, accurate estimates can be

generated.

Figure 4 provides an overview of this two-pronged approach. First, a goal timeline is created from

a future launch vehicle operations concept. Making this goal reflect an actual design is desirable if such a

design exists. However, these are goals, and as such, are meant as comparison points for a bottom-up

engineering analysis of a historical baseline system. The second prong is this bottom-up effort, which

provides an experience base and supports traceability to design, technology, and process improvements for

the future launch vehicle propulsion system. This bottom-up effort is the focus of this paper. A previous

paperl3 presented the goal-oriented approach, with both scheduled and unscheduled processing included in

the goal flows. By nature, this approach is iterative. Comparing the historical estimates against the goals

provides an identification of key differences. Design decisions will seek to lessen these differences--

larger differences seeking the most design effort in an appropriate design manpower allocation process.

The design will change and so also will the goals. Unrealistic goals and requirements will be identified and

adjusted. Trades between performance and operations or cost and operations will be key for the overall risk

assessment. A previous paper also laid out an example of such a bottom-up analysis based upon experience

6
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Figure 4. Design-to-operations analysis approach.

data. 14Yet another paper points out the need to begin with experience-based requirements for this type of

bottom-up analysis. 15

Performance requirements as defined in requirements documents are allocated to a lower level and

serve as goals for the system designer. One of the purposes of this effort is for the quantification of operability

measures to support the comparison of the design against the requirement. Thus, this methodology serves

to verify the relationship between design decisions and the fulfillment of design objectives. Furthermore,

an appropriate quantification can serve to support the analysis of the current design suitability against a

previous design. In this sense, both absolute and relative measures of merit are generated in this modeling

approach. However, before a fully detailed model supporting the generation of absolute measures can be

generated, a top-down flow can support the relative model comparison of critical use to the designer. A

designer involved in a specific area of design can "stub" in the other parts along with their schedule and

cost estimates and work in detail in their appropriate design area.

B. Key Concepts and Definitions

Establishing good measurable metrics is key to any functional area analysis methodology. Following

is a discussion of key operability definitions and metrics.

Operability--the ability to support required flight rates and schedules and to meet a variety of

operational characteristics while minimizing cost and risk. In this definition, operability is not directly

7



measurable. Common metrics for operability include availability, turnaround time, and dependability. The

definition of operability touches upon several key ideas including those of minimizing cost and risk. Risk

may be defined as an expression of the likelihood and consequence of an event of interest. Risk involves an

attempt to understand the uncertainty in and between the functional areas of the design. This emphasizes

the need to model an end-to-end system.

Dependability--probability of achieving a given launch without sliding the schedule on the next

launch, given that the system is not in postfailure standdown; if hardware, the ability for the hardware to

perform as needed when needed. Often defined in terms of probability of launching within x days of the

originally scheduled launch date.

Availability--fraction of time the system is operational rather than in standdown or delay; the

probability that a piece of equipment will be capable of performing its mission when needed rather than

being unserviceable due to failure, delays, or intentionally or unintentionally removed from service for

maintenance or testing; is useful as metric for both hardware and processes; inherent is mean time between

failure (MTBF)/(MTBF + mean time to repair (MTTR)); operational is mean time between maintenance

(MTBM)/(MTBM + mean down-time (MDT)); also, scheduled time/(scheduled + unscheduled time). This

latter definition is more aerospace-oriented given its acknowledgment of few vehicles that require extensive

processing due to leading-edge technologies and cryogenic fuel operations. The traditional definition of

availability is directed more at the military and commercial aircraft operations where there are large fleets

of vehicles and preflight operations are relatively minimal. The process definition of availability is more

suitable for this discussion and will be referred to throughout this analysis. Also, in this definition, a system

is penalized only for unscheduled maintenance activities that occur on the critical path.

Turnaround Time--a measure of maintenance having to do with time from last recovery to next
launch.

Reliability--probability of successfully concluding a mission segment; probability that an item

will perform a required function under stated conditions for a stated period of time. Though metrics for

reliability are not often included in operations analyses, reliability of the components and systems plays a

critical role in determining the operability of the system. The operability study in this paper will include

engine reliability measures.

C. Modeling and Uncertainty

The goal of any modeling activity is to accomplish accurate quantification in as realistic an

environment as possible. This involves the need for quantifying in the presence of uncertainty. Thus, the

model should ultimately be reflective of a probabilistic approach. Uncertainty is not only reflected in the

accuracy of the information that exists but also in the availability of information that may lead to an

inability to effectively model the system. These are both important pieces of information--manpower can

be allocated to obtain the data or to complete the analysis that is required to lessen the uncertainty. The

analyses cannot entirely eliminate the uncertainty associated with a process flow but are intended more to

understand the extent of the uncertainty. Indeed, if no uncertainty exists in a design, no decisions are

necessary.

8



Thereareseveralsourcesof uncertaintyinherentto aprocessflow, includingvariationof nominal
processing;thatis, aprocessscheduledfor 5hr mayactuallytake4 hronetimeand6hr thenext.Thiscan
bemodeledthroughtheselectionof anappropriateprocesstimedistributionsupportedbyempiricalevidence.
Otherrealisticscenariosthatwill affectthescheduleandcostincludeprocessfailures,equipmentfailures,
andassociatedunscheduledmaintenanceactivities.Also, delaysdueto repair times,queuingdelays,and
waiting for resourcescanaffecttheplannedschedule.Theweatheris a major sourceof delayat time of
launch.

D. Process Flow Definition

The types of documents and databases used to generate the process flow for this analysis may be

identified. In the case of the world's only RLV, the space shuttle, the documents that describe the requirements

and the implementation of the requirements are the Operations and Maintenance Requirements and

Specification Documents (OMRSD) and the Operations and Maintenance Instructions (OMI), respectively.

Applicable process requirements and flows have been obtained from these sources for the specification of

new vehicle operations process flows.

Some attributes of the proposed flows can be obtained from the electronic database system in use

by the STS program. The STS Computer-Aided Planning and Scheduling System (CAPSS) 16contains the

nominal schedule and manpower requirements while the Problem Reporting and Corrective Action

(PRACA) 17 supplies the information on the problems and off-nominal flows that occur throughout STS

processing. Other commercial launch vehicle data such as Titan, Atlas, and Delta operations requirements

documents and operations experience databases, if available, can also support this type of analysis. Data

requirements include both nominal and off-nominal process times and resource requirements. Mean time

to repair along with incidence of repair are typical performance measures derived from such databases.

As stated earlier, the data that supports the allocation process and the data that supports the detailed

design evaluation should come from separate sources. In aerospace analyses, this is often not the case,

primarily due to the lack of good data. While rough parametrics from one detailed source may feed the

allocation process that uses several sources, this kind of analysis should be discouraged. At best, this kind

of analysis is redundant and provides little confidence that the conclusions reached are correct. It could

lead to inaccurate and misleading conclusions, resulting in a misallocation of design resources.

9



4. MODELING TOOLS

Several good off-the-shelf software packages fit the need to support operations model development.

A process flow model is the model of choice: it allows the analysis of timelines, schedule dependencies,

resource requirements, and supports the generation of measures of operability including recurring costs,

availability, and dependability. The models used here utilize Microsoft ® (MS) Project TMfor deterministic

flow analysis and Imagine That! ® Extend_M software 19for probabilistic support. The benefit of MS Project TM

as a process modeling tool is its ability to graphically represent detailed tasks in Gantt charts, allocate and

track resource levels, and filter project information. Inputs to the model include the task description, resource

allocation, task duration, and establishment of task precedence. MS Project TM is generally all that is required

to do the "quick-look" analysis--layout top-level requirements and allocations to subsystems and

components. Charts, tables, or reports can be customized to output the level of detail desired by the user.

Extend TM allows us to apply the model in a discrete-event simulation format. It supports ease-of-input

(icon-based), provides good report-generation capabilities, is well supported and tailorable with source

code available, and provides animation capabilities useful for display and debugging purposes.

10



5. BASELINE ENGINE OPERATIONS DATA

A. Data Collection

The data collection process was a considerable part of this activity. This section will discuss this

process and the data in some detail. Data were collected from a task-by-task point of view: what is required

to complete only this task. Often times data are collected from a time-reporting point of view, making it

difficult to determine actual task time. Appendices are provided to this document that will contain the data

collected. An overview of the SSME data collection in support of the operations modeling approach is

shown in figure 5. The analysis consisted of three parts: deterministic model of allocated processing,

deterministic model of unscheduled processing, and the probabilistic model. This section discusses the

baseline SSME model in the context of the deterministic modeling approach (both scheduled and

unscheduled) and the baseline requirements database that is the foundation for all SSME processing activities.

A complete presentation of the SSME operations database resides in appendices A (requirements),

B (scheduled), C (unscheduled), and D (results).
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Classification of Unscheduled

Process ProcessingOps
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--/
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PR Frequency

Input DataTable
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Figure 5. Operations modeling and data collection process.

11



B. Scheduled Processing

The f'u'st step was to define the nominal SSME processing flow. This was accomplished with

flowcharts that identified the OMI-level processes and the location/facility in which the process was

performed. SSME component life limit issues dictate that engine removal be scheduled each processing

flow to allow the SSME's to be processed offline in the orbiter main engine facility (OMEF). Thus, in

addition to the every flight requirements defined by OMRSD, nominal processing, for the purposes of the

model, included SSME removal in the orbiter processing facility (OPF); SSME processing off-line in the

OMEF; high-pressure turbopump removal and installation in the OMEF; and SSME installation in the
OPE

Data collected relative to SSME processing is presented in figures 6-9. Figure 6 identifies the

OMI's and the serial and parallel nature of the process flow for the events that occur immediately after

flight in the OPF. The engines are then moved to the OMEE Figure 7 presents the processes and flow for

this facility. After processing in the OMEF, the engines are returned to the OPF to be reinstalled on the

vehicle. This process is shown in figure 8. After installation, the engine processing steps that occur during

the vehicle assembly building (VAB) and pad operations are defined (see fig. 9). The detailed SSME

scheduled data that matches the OMI's in figures 6-9 appears in appendix B. These data are quite extensive,

breaking out process flow dependencies, clock hour, and manpower requirements by type for each engine

process. It should be noted that not all engine processing is fully represented here. Some routine and

periodic actions associated with minor OMI's, job cards, or deviation approval requests (DAR's) were

excluded in order to present a system that can be represented in a model as an operational system. It is

arguable as to whether or not the Shuttle system is a fully operational system. There are too many things

that are done that are not necessarily repeatable from a modeling point of view. For example, the exact

order of engine processing in the OMEF is subject to visibility, manpower available, and priorities in place

at the time of repair, making this aspect difficult to model.
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l v, N,oJc,,I /
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Figure 6. OPF SSME postflight operations.
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Figure 7. OMEF SSME operations.
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Figure 8. OPF post-SSME installation operations.
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Figure 9. SSME VAB/pad processing operations.

The data that were collected were laid out into Gantt charts and task sheets to a lowest level of

detail. Technician, quality control, and engineering resources were identified for each detailed task and the

task duration was quantified based upon NationalAeronautics and Space Administration's (NASA's) SSME

engineering experience at Kennedy Space Center (KSC). Figure 10 exemplifies the level of detail outlined

in each deterministic process; in this case, the high-pressure fuel turbopump (HPFTP) removal and

replacement. In figure 10, many tasks have been rolled up to subtasks for brevity of presentation.
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4 0.25
5 36
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41 16
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64 24
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Figure 10. Example of detailed modeI--HPFTP removal and replace.
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Although serial and parallel relationships were established between the detailed tasks and OMI

processes within the Gantt charts, it is difficult to accurately predict overall OMI durations or end-to-end

vehicle or SSME subsystem processing times. Reasons for this include:

1. Lack of all downtime data including logistic delay time, administrative delay time,

and maintenance delays downtime.

2. Interdependence between SSME and other subsystems was not modeled.

3. Other vehicle subsystems not modeled.

While accurate predictions of SSME processing are not always possible with this data, it is appropriate

for future launch vehicle engine analysis since these kinds of attributes need not be modeled. Of interest for

a future system analysis is the definition of an operational system. It is not desirable to model all the

artifacts of the STS processing system as appropriate to the new system. While downtimes will occur for a

future system as well, it is premature, without detail, to model those. Of course, a complete vehicle model

should represent the engine-vehicle interface and other subsystem operations fully.

The baseline SSME model will provide insight into the actual workload, required subtasks, and the

overall processing flow. This actual manhour prediction method differs from top-down manhour estimates

in that manhours of downtime are not accounted for. The utility of determining manhours in this fashion is

that labor-intensive processing activities are readily identified whereas the actual impact of each processing

activity can be masked by downtimes in the top-down approach.

C. Unscheduled Processing

An analysis of SSME unscheduled maintenance operations was performed using the PRACA

database. Unscheduled maintenance information from the PRACA database was obtained for 30 STS flights

between 1989 and 1994. During this period there were 3,785 problem reports (PR's) that were processed.

This is engine PR's only, thus, ground support equipment (GSE), facility, and spares PR's relative to the

engine were not included. The PR's were sorted and grouped by component, malfunction, and disposition

code. This allowed the filtering of this database into 123 PR classes representing 84 SSME processing

flows. PR's were further classified into six types based upon processing action taken. The six types, the

123 classes, and the number of applicable PR's are presented in table 1.

Table 1. SSME PR classification summary.

PPClassificationType NumberofClasses NumberofPR's

RemoveandReplace
MRRepair
Repair
MRAccept
Accept
Waiver/Exception

70
13
19
6
7
8

795
79

1,121
156
137
82
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This filtering processed 2,370 PR's. PR's that were eliminated from the database during this

classification and filtering process included PR's from incomplete processing flows and PR records with
insufficient data to allow it to be classified.

Each PR will fall into one of the six classification types. These types were categorized based upon

the disposition code in the PRACA database and limited to the detail provided therein. These represent the

most common actions required for each PR at the lowest level of detail possible. Each classification type

was outlined to identify the basic tasks and resources associated with setup, performance, diagnostics,

administration, review, and delay times. Figure 11 presents an MS Project TM view of the base remove and

replace (R&R) classification type. In addition, an initial attempt at quantifying the resources required was
conducted. Note that these are initial estimates until more accurate data can be made available and collected.

The actual "hands-on" R&R time is represented by a milestone on line 4. This would be replaced in the

model by the actual component R&R timeline.

The classes identify the number of different PR's that fall into each PR type. These are usually

associated with components or hardware. In the case of an R&R PR type, the 70 different classes are

mostly associated with different hardware or components that require R&R. However, this is not necessarily

the case for the other PR types. For example, a large number of PR's were generated due to contamination

and corrosion on unidentified hardware. Because the detail in the database did not allow us to associate the

corrosion problems with the hardware or component, the contamination and corrosion PR's were separated

into five different PR classification types based upon the nature of the disposition (repair, material review

(MR) repair, accept, MR accept, or waiver/exception). The five other PR classifications as well as the

standard R&R operations by component appear in detail in appendix C.
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1
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Figure 11. SSME base R&R.

This PRACA database is limited in that it does not provide resource or task duration information

for unscheduled corrective actions. However, PRACA does provide data to determine the frequencies of

PR's as well as information to determine what malfunctioned and how the PR was dispositioned. Corrective

action processes, including task descriptions, durations, and resource assignments, were defined and

quantified by SSME engineering in the same manner as the scheduled processes for each PR classification.
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A few low-levelprocessesweresetto a standardtimefor simplicity sake.For example,QC responsetime
wassetto onestandardvalue,whenin actuality,this valueis moredynamic.The unscheduleddataas it
appliesto thesix PRclassificationsappearsin appendixC and a summaryof the resultsfrom thedata
(relativeto SSME)in appendixD.

D. Baseline Requirements Database

Figure 12 describes how the data collected are being applied to the reusable engine analysis. The

applicable requirements identified by the STS OMRSD's are mapped to major corresponding STS OMI's

(see appendix A). An iterative review process identifies, task by task, the appropriate processing for the

future engine operations. Future reusable engine-specific operations are added; SSME operations artifacts

are removed; changes to processing facilities and support equipment is identified; and any dependency,

timeline, or resource requirements are also specified. This leads to a traceable proposed operations flow

prediction and resource estimate. Table 2 displays a sample of the OMRSD/OMI database with comments

as to the applicability of the requirements to the reusable vehicle engine.

Requirements Processing AdaptTimelines,
Analysis _ Specification _ Resources

- Add

t t -Remove- Change

SSME
OMRSD's

SSME
OMl's

\, /
ProceSsModeiFIowI

Predict Future EngineOperations
Requirements, Processes,and
Resource Requirements

Figure 12. Requirements to process definition.

Table 2. OMRSD/OMI database with requirements rationale.

0MRS0

Number

kw

Engine

Use

V41 BLO.OSO n

V41 BLO.O60-A

V41AXO.O20-A

V41AXO,O20-B

V41AXO,020-C

V41BLO.033

V41 BLO.034

V41 BPO.OIO-A

V41AQO.OlO-A

0MRSD DNuiptlon 0PF OMI's Engine Shop OMrs VAB/PAD 0MI's 0MRSD RMionale/Ront Causes

(I/41 File III DMed 9/16/96)

SSME Weld 22 & 24 Lk Ck V1011.05 Seq 07 V1294.007 Seq 04 V1046.003 Sed 07

n Et HPOTP Plug Weld Lk Ck

y E1 L02 Feed (Joint 011 t/F Lk Ck

y Et LH2 Fead (Joint F1) I/F Lk Ck

y Ef GH 2 Press (Joint F9.3) I/F LK CK

y SSME Encapsulation Oxid Sys ISO Test

y SSME Encapsulation Hot Gas Sys ISO

Test

n Ef GO2/GCV Ext Lk Ck & Orifice
Verif

y E1 Sensor Checkout

V1011,05 Seq09

V1011,05Seq 07

V1011.05Seq05

V1011.05Seg09

V1011.04 Sep 07

V1011.06 Seq02

V1294.004Seq04

V1294,007Seq04

V1294.007 Seq 04

V1294.002. Seq 17

V1294.002Seq 08

V1048.004 Seq 04

V1048.003 Seq 05

V1048,002 Seq 04

V1046.004 Seq 04

V1046.005 Sed 05

V1048.001Seq 04

Due to poor processing. HPOTP balance cavity

stindoff welds are leak checked - No leaks ever

verified, but lack of weld penetration up to 90%

r_as been found on theea welds. Standoffs have

been suspected of leaking and caused ratum to

Can0ga.

Plug weld leak Occurred on a unit - Concern over

these welds leaking either Gox/Helium/Hot gas

into boat tail - therefore all external plug welds on

me housing are checked

Ensure joint integflty of LPOTP to pump inlet

dusting after engine is installed

Verify pump inlet joint Integrity after ins_lling the

LPFTP

Joint integrity Post Engine Installation

System leak integrity check for launch - Mat. 1 or

Weld Thru-Crack: Seal not Sealed - • Grit. 1

System leak integrity check for launch - Mat. 1 or

Weld Thru-Crack: Seal not Sealed - • Grit. 1

Establishes leak test of all gaseous oxygen system

pints from the AFV to the orbiter interface on an

each flight basis

Planned Preflight Checkout
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From table 2, development or definition of an reusable engine operations concept is traced to the

SSME experience. This database was developed to link propulsion system concepts and technology

candidates to the SSME operations experience. The backbone of the SSME experience is the OMRSD

database. Deterministic model data are linked to the OMRSD database for each requirement. Additionally,

root causes and/or OMRSD rationales are provided that allow for rapid determination of those OMRSD's

affected by technology improvements or hardware configuration changes. From table 2, first row, a

requirement was established for SSME weld and leak checks on the high-pressure oxidizer turbopump

(HPOTP). The root cause of this requirement is a concern for weld integrity. The OMRSD number, three

applicable OMI's, and an applicability column for the new launch vehicle engine are provided. It is interesting

to note that this requirement was generated well after the design of the SSME and its processing when

potential problems with welds were identified. This specification of postdesign requirements is likely to

occur in a new launch vehicle engine as well.

18



6. MODEL DEVELOPMENT AND RESULTS

The scope of the analysis for this document is a future launch vehicle ground operations analysis

that includes shuttle-based uncertainties associated with scheduled and unscheduled maintenance. The

emphasis is on propulsion systems and the specific topic is the engine which will be modeled in order to be

responsive to the vehicle requirements. Of course, the engine processing is only one part of the overall

vehicle processing. Interactions of the engine processing and other subsystems must be taken into account

to get a proper estimate of vehicle and even engine flows. The results of this analysis reflect the impact of

unscheduled processing on turnaround time in a deterministic model and on launch availability and

dependability in a probabilistic model. The attributes of the maintenance activities will be limited to those

supported by analysis of the STS PRACA, CAPSS, and Marshall Space Flight Center (MSFC) Propulsion

Laboratory operations databases.

Given ground rules and assumptions, key processes were laid out for a fully reusable future launch

vehicle engine concept. To avoid proprietary data considerations and to simplify the presentation, a rough-

cut engine design is assumed for this analysis. It is essentially SSME-like; 2° a pump-fed LO2/LH2 high-

thrust engine with pneumatic and EMA valve control (no hydraulics) and health monitoring capabilities.

The proposed launch vehicle uses three such engines with engine processing conducted in parallel. From

this, a logic model associated with the flow of ground processing is developed. A 40-hr, goal-oriented

engine ground flow serves as a baseline to the defined flows. Effectively, this 40-hr timeline was provided

as a requirement (baseline allocation) for this model activity. Figure 13 shows the engine flows and the

success-oriented timelines by processing facility. Three facilities were assumed after landing--a single

processing facility with five bays and two launch pads. From figure 13, engine ground operations processes

include drying; access; visual inspections; leak checks; and closeout on each engine in the processing

facility and purge; flight readiness test; and launch preparation on the engine set on the pad. An unscheduled

maintenance timeline is supported in parallel with the scheduled timeline. Key assumptions and ground

rules to this development were 30 flights per year, a five-vehicle fleet, and 7-day missions. Others included

minimal and automated operations, separate payload processing, depot maintenance every 20 missions,

and automated health monitoring. Manpower assumptions included two shifts per day, 5 days per week for

processing facility operations and three shifts per day, 7 days per week for all other processing.
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Figure 13. Engine operations processing.

A. Deterministic Model

An MS ProjectTu model was developed to reflect the processing requirements (top-level and

allocated) of the engine system. From the flows defined in figure 13, processing timelines and resources

required were input into the MS Project TM scheduler. The tasks were defined to three levels as subprojects.

Figure 14 presents the top level to the level of detail at one of the lowest level processes defined here--that

of the engine drying operation. Total duration and manpower requirements in the subprocesses of figure 14

can be rolled up to the top level in a very direct fashion. This is the allocated appropriate times and

requirements for those systems within the constraint of the overall requirement, which was provided as a

top-level requirement; in this case, 40-hr total for the engine. Thus, the times and resources reflect a relative

allocation to the subsystems: it remains to be seen, for example, whether or not a gaseous oxygen (gox)

system leak check will take the 1 hr allocated, but the 1 hr allocated to this system is consistent with the

time allocated for the fuel system leak checks (1 hr). Again, this model serves as the goal-oriented model

useful for allocation and comparison with the detailed engineering estimates. In the approach identified in

figure 4, this is the top half--the goal-oriented model.
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ID Task Name

1 Vehicle Engine Processing

2 Runway Operations

Processing Facility OperationsPad operations

Duration Work

(hr) (Man-hr)

40 348

2 6

30 310

8 32
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1 Vehicle Eng. Drying Operation 3 20
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4 Initial Power-Up 0,5 1

T Establish Gr. Sup. Sys. for Drying 0,5 2

6 Conduct Drying Operations 2.5 15

7 Mate GN2Purge to Engine 0.25 1

8 Assemble/Mate Hoses/Filters 0.25 1

9 Install Plugs/Gages/Drain Lines 0.25 1

10 Activate Pneumatics/Valves 1 I 1

Conduct Ox. Sys.Drying Purge I 1 I 4

Conduct MCC/FPB/Nozzle Drying Purge0.25 4

"-_"1 Perform Dryness verification i 0.25 i
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Figure 14. Hierarchical engine model.

This type of modeling often predominates, especially early in design. With an emphasis on new

ways of doing business, this goal-oriented modeling is often the only type of modeling undertaken on a

program. There are several reasons for this. It can be time consuming and resource intensive to conduct a

bottom-up analysis and difficult to present an unpopular result. The weakness of the goal-oriented modeling

should be apparent. It often has no basis in reality. One example of how misleading goal-oriented modeling

can be was that for the STS program. Early modeling predicted up to 60 flights per year with a 2-wk

tumaround time, 21 very different from current shuttle capabilities.

Sensitivity studies of the MS Project TM model and even simple "back of the envelope" analysis can

shed some light on the sensitivity of this system. For example, increasing scheduled uncertainty to

50 percent increases total duration, for what is essentially a serial flow, a proportional percentage--from

40- to 60-hr duration with personnel manhours increasing from 319 to 478.5. Concerns with meeting

availability and dependability requirements increase also. However, even a 50-percent increase in scheduled

processing may not be a serious impact. Adjustments in scheduled timelines or built-in holds can be included
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to deal with this. Even if dependabilityis definedaslaunchwithin 2 daysof scheduledlaunch,such
variationis manageable--anextra20-hrdurationis still within 2days,if therearemultiple shiftsperday.

Much moresignificant is the variation in unscheduledprocessing.In the baselinecase, the
unscheduledprocessingis designedto bein parallelto scheduledprocessing.Eventhis cantoleratesome
additionalunscheduledprocessingbeforeimpactingoverall flow. However, this assumes sufficient manpower

to handle problems in parallel and that problems will occur in parallel. Such an assumption is not credible.

For example, if four to six engineers are allocated to handle processing, the extra unscheduled activities

cannot be conducted entirely in parallel without a schedule slip--there simply is not enough manpower.

Also, if problems occur late in launch to critical path operations, there is a serial effect--problems must be

resolved before any more normal launch processing can be supported. Built-in holds can also mitigate the

problem of unscheduled processes, especially early in the flow. Late processes, such as pad processes,

must attempt to minimize all unscheduled activity.

In this deterministic model, the unscheduled maintenance activities were added to reflect these

issues. A notion of unscheduled maintenance considerations should be incorporated into the requirements

allocation for accuracy sake. Table 3 lays out the SSME-based experience and the impact per OMI for this

analysis. For example, from the historical SSME record, twice as much time is spent on unscheduled

maintenance during the visual inspection OMI (V 1011.02) than for scheduled maintenance. Table 4 presents

the results of this analysis including a run with the unscheduled maintenance data. The first column of the

table presents the baseline results--both clock hours and personnel manhour requirements. The second

column adds in unscheduled timelines based on STS SSME experience. If the unscheduled activities are

assumed to be done in parallel, the overall impact to the timeline is small. That which is not on the critical

path has tittle impact, while adding unscheduled maintenance activities to critical path operations is reahstic

and has a significant impact. The impact to the overall dependability and availability metrics can also be

considerable as will be seen in the next section. Keep in mind that many of the SSME OMI's have already

been excluded and that the baseline processing time is allocated. The result in table 4 is more of interest in

a relative sense--the duration and manhour requirements practically doubled with experience-based

unscheduled maintenance included in the analysis (from 40- to 70-hr duration, 348 to 615.6 man-hour

total). Further and more detailed analysis is clearly necessary.

Table 3. SSME unscheduled maintenance experience.

Task

Oescriplion

Envir. CoverInstall

EngineDrying

Assess to Engine

Visual Inspections

LeakChecks

Closeout

Purge Sequences

Flight ReadinessTest

Launch Prep & Start

OMI Number

S0028

V1011.01

V5058/V5057/V5087

V1011.02

V1294.xx

S1287/V5057

V9018.001

V1046/V5057/V9002

SO007

% Additional
Unscheduled

Processing*

10

10

10

200

100

50

10

75

10

PerSSMEExperience,1989-1994
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Table 4. Goal-oriented engine operations timelines.

40-Hr Goal-Oriented
Baseline

Task Name Duration, hr Man-hr

ProcessingAssessment

• Landing Operations

• Processing Facility Operations

40 348

2 6

30 310

3 2O

2 8

8 32

8 32

[2O] 40

[24] 144

9 34

8 32

- EngineDrying

- EngineAccess

- Inspections

- Leak Checks

- HM Monitor

- Unscheduled Allocation

- Closeout

PadOperations

* 1989-1994

[ ] Not on criticalpath

40-Hr Baseline With
UnscheduledMaint.

Included (SSME-Based)*

Duration,hr Man-hr

70 615.6

2.2 6.6

59 573.8

3.3 22

2.2 8.8

24 96

16 64

[22] 44

[48] 288

13.5 51

8.8 35.2

This concludes the discussion of the goal-oriented model and analysis results. Turnaround time and

resource requirements have served as primary metrics to this point. Operability metrics such as availability

and dependability are more appropriate to a detailed probabilistic model. The probabilistic model and its

results are the topics of the next section.

B. Probabilistic Model

1. Overview

The following analysis serves to illustrate the probabilistic approach--modeling to include uncertainty

in the analysis. As in the earlier deterministic analysis, the scope of this analysis is a future engine operations

analysis that includes uncertainties associated with unscheduled and scheduled maintenance. Consistent

with the overall process, requirements were generated from the STS requirements list applicable to this new

engine system. Engine design data were assumed for this application and use no proprietary information.

Identical to the engine used for the deterministic model analysis, the future engine system is a pump-fed

LH2/LO2 system with EMA and pneumatic valve actuation (no hydraulics), and active health monitoring. A

three-engine vehicle is also assumed for this analysis. The emphasis is on the engine processing, with the

vehicle operations requirements allocated out to the engine level. The interest here is on the impact of

engine scheduled and unscheduled processing on engine dependability and availability. The data used as

baseline for this analysis are those of the shuttle engine system.
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2. Operations Concept

Given ground rules and assumptions, key processes were laid out for a fully reusable future launch

vehicle concept. These are the same as those laid out for the deterministic model of the previous section

with detail of depot maintenance now included. A logic model associated with the flow of ground processing

was developed and figure 13 shows these engine flows by processing facility. The assumptions and ground

rules are the same as in the deterministic case except for the following. Depot maintenance consists of

engine removal and replacement, more detailed tests and checkout, and generally takes 30 days. Automated

health monitoring is assumed, although this would only affect diagnostic and isolation time for unscheduled

activities. Three vehicles may be on orbit at one time and two vehicles can be in depot maintenance at one

time. The resources have been designed for minimal bottlenecks. This includes manpower, which is assumed

available when and where needed, given shifting constraints. The block flows reflect periodic and depot

maintenance operations that utilize parallelism and adequate manpower. For example, the engine processing

for the three-engine vehicle is done in parallel. This provides a much shorter process clock time; however,

manpower must be calculated accordingly. Typical engine operations include engine drying, inspection,

and leak checks for the routine turnaround operations and engine removal and replacement for the depot

maintenance operations. This discrete-event logic flow will be represented in a simulation model to be

developed as part of this analysis. This flow will be modeled over a 20-yr lifetime. Results will be presented
from a set of Monte Carlo runs.

3. Model Development

A computer program that supports discrete-event simulation on a personal computer was used for

this analysis. This package, ExtendTM, allows icon-based time and event modeling. The package is available

commercially and provides ease of use in building models and in specifying output parameters. It supports

probabilistic modeling and hierarchical levels of detail for complex systems.

The logic of the operations processes timelines was incorporated into the ExtendTM modeling language

and runs were made to analyze the parameters of interest. All simulations for this analysis were performed

on a PowerMac 7600. This operations model was developed fully from Extend TM library building blocks.

Figure 15 presents the top level of the ground operations modeled. The model is reflected in a hierarchy,

the lowest level of detail for the processing facility, as presented earlier in figure 13. From figure 15, the

processing facility with five bays (three for nominal, two for depot); the two pads; the runway; and vehicle

tows are evident. The five vehicles come in as scheduled in the new vehicle block to the appropriate routine

processing in the upper three bays or the depot processing in the lower two bays.

This probabilistic detailed model serves as an experience-based model outlined in the approach of

figure 4 (lower half of schematic). Results from it are intended to be compared against the goal-oriented
model results.
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Figure 15. Extend reusable engine operations model.

4. Data and Metrics for Analysis

For this analysis, the data as described in section 5 were used for model data support. As stated

earlier, this database keeps track of the ground operations unscheduled and scheduled maintenance activities

for SSME processing. Distributions around the scheduled and unscheduled maintenance processing are

modeled with a triangular distribution,22 selected due to its "conservative" nature. Evidence exists that for

process simulation the lognormal distribution may be the most appropriate.23, 24 Such evidence also exists

relative to some aerospace applications;25, 26but without actual operational data to support this, the triangular

distribution has been chosen. The triangular distribution requires a minimum, a maximum, and a mode.

For this application the mode is the selected STS value, the minimum is 5 percent less than the mode, and

the maximum 10 percent greater than the mode. These values were accepted during the data collection

process by the system engineers as generally representative of actual shuttle engine task processing

uncertainty. Extend TM supports many distribution types including the definition of a user input type. If

desired, distribution types and parameters can be easily varied as part of a sensitivity study.

Metrics for this analysis include measures of merit for availability and dependability. The measure

of availability deemed most suitable for this analysis is the one described earlier in the metrics discussion

for process availability--nominal processing divided by total processing which includes nominal and

off-nominal processing times. Off-nominal processing time includes unscheduled maintenance, queuing

delays, and standdown times due to failures. This is a measure deemed more suitable to spacecraft processing

systems due to the processing-intensive nature of cryogenic-fueled rocket systems and small fleet sizes.

25



Thedependabilitymeasureis acharacterizationof the on-time launches. This is reflected in a probability

that all vehicles are launched on time (from an engine processing point of view), measured as within 2 days

of original launch date.

Requirements for engine processing were collected via the STS requirements list. There are three

engines per vehicle with an engine out at liftoff capability. The only unique engine operation process

proposed and not covered by STS operations is an engine-to-engine mate process which slightly expands

the timelines for inspection and engine R&R.

The reliability of the engine will be modeled as will any associated standdown time due to failures

to illustrate the impact of reliability on operability. Standdown time in this case is 4 mo and is a required

result of any vehicle failure. A range of reliability values and their impact to the overall processing system

will be presented. Appendix E presents the engine out reliability analysis and its impact on engine set

reliability that is used in this analysis.

5. Results

The simulation time for the model was set to 20 yr and run in a Monte Carlo environment. A

relatively evenly spaced flight manifest spanning this duration served as input for the model. Vehicle

flights were staggered so that, at most, three flights were on orbit and, at most, two vehicles (engine sets)

would require depot maintenance at any given time.

It was apparent from back of the envelope analysis that the use of the complete shuttle engine

database would present a processing timeline that was a factor of 10 over the allocated requirement.

Availability for such a system is approximately 70 percent and dependability is very low unless processing

start dates were backed up to allow for this extra processing. If enough time is allowed up front, any system

can be made technically dependable. Implicit in the measure of dependability is an acceptable and minimal

turnaround time. This is a problem in using the STS system. The inherent philosophy and conservatism

associated with this manned system leads to intense processing requirements due to extensive checking

and double-checking. Using shuttle experience data results in a vehicle that is only capable of five flights

per year at the outset. The required processing times preclude any more. This also assumes processing

manpower available to process all vehicles in parallel to support a maximum of 25 flights per year. This

would result in a prohibitively expensive system. Thus, for this analysis, a decision was made to just use

the "active" process conducted on the shuttle engines for this model. This excludes all vehicle setup and

access time (except that explicitly allowed); all GSE setup; test setup; and of course, shuttle-specific

operations. Clearly as important to the processing requirements for the future engine system is the philosophy

of operation. Philosophy changes create the most significant process changes; of course, it remains to be

seen whether these changes can be maintained when the actual system is in operation.

Given the above ground rule, a baseline case with no off-nominal (unscheduled maintenance) time

was first established. The results for the probabilistic analysis for the operability parameters are presented

in table 5. This turnaround baseline required, on average, 109.6 hr per flight. When adjusting for manpower

shifting, this translates into just over a 6-day turnaround. The dependability measure assumes launch on

time if launch occurs within 2 days of the original scheduled data. This system is appropriately rated at

100 percent for both availability and dependability. Without unscheduled processing time, the only
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uncertainty in this system is in normal processing and this is not enough to affect on-time launch. It is

interesting to note that the original goal for the turnaround of the engine system as presented in the

deterministic model was 40 hr. Even with extensive and optimistic ground rules, the projected turnaround

is over twice that without considering any unscheduled processing. Extra manpower may make up some of

the difference but this also raises the cost to the processing system. Clearly, the original goal must be

adjusted to be more realistic.

Table 5. Results of probabilistic analysis.

Case Availability(%) Dependability(%)

Full-upSTS
ActiveProcesses

Only(NoUnscheduled)
ActiveWithSTS

Unscheduled
ActiveWith25%of

STSUnscheduled

7O

100

82

94

Low(AssumptionDependent)

100

0

78

When the shuttle-based, off-nominal times were incorporated into the model as reflected in table 5,

the turnaround increased to an average of 171.5 hr which translates into a 12-day turnaround (a weekend

added since processing facility time goes past 1 wk). With only 6 days allowed for turnaround time with a

2-day buffer, the dependability of this system is zero. Availability of this system is at 82 percent.

It is reasonable to assume that improvements in unscheduled processing and hardware will result in

something significantly better than for the shuttle. From table 5, the case where 25 percent of the shuttle

unscheduled processing is assumed, the dependability is at 78 percent and the availability at 94 percent.

Improvement to 10 percent of shuttle unscheduled processing improves the measures to 100 percent and

96 percent, respectively. The general relationships of process time, dependability, and availability for this

system are presented in figure 16. A typical requirement (95 percent) for availability and dependability is

also included in this figure. Availability varies from 100 to 82 percent, based upon the amount of unscheduled

processing time. Dependability displays a unique shape--almost a step function. Only between 23 and

27 percent of STS unscheduled process time is any variation evident. This range is reflective of the variation

in nominal and off-nominal processing. As such, dependability is a very sensitive measure. First, it is

sensitive to the time allowed for processing--in this case, 6 days. Also, it is sensitive to the buffer amount;

amount of uncertainty; and staffing schedules. Dependability can be improved by an early processing start

or by the use of timing control mechanisms such as built-in holds. It is interesting to note that, traditionally,

engine processing delays are not key to the vehicle launch delays and dependability. Weather is the

predominant cause of vehicle launch delays.

Other typical results from a discrete event simulation model include resource estimates of interest

such as facility utilization rates, manpower usage, and queuing delays. In order to identify areas of

improvement for operations, a Monte Carlo analysis of each process was performed by reducing the

unscheduled maintenance from the shuttle-based percentage to a 10-percent target. Total manhours, cost

per flow, and launch delay time per flight were used to provide a quantifiable measure of improvement.

The results from these analyses are shown in table 7 for each engine task in the current processing flow.
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Figure 16. Operability measures by process time.

6. Effect of Uncertainty

Table 6 presents the impact of the incorporation of uncertainty in the model. As discussed earlier,

the purpose of modeling this uncertainty is to provide for a more realistic model. The hours presented are

the total for the system over the 20-yr period (600 flights). The uncertainty in this case has little impact on

the availability measure, given that availability is a ratio of values, both changing in similar fashion. In this

case, the impact is small since the processes modeled have relatively low uncertainty in both scheduled and

unscheduled activities. Also, consistent with earlier conclusions, the dependability measure shows a high

sensitivity to the amount of uncertainty. Indeed the use of the maximum amount of uncertainty for the case

here drops this value to zero. Upon further analysis, this was determined to be an effect of processing

facility operation being extended past 5 days, resulting in the addition of a weekend to the processing time.

These two events were enough to push the launch time past the 2-day buffer allowed. The dependability

value is controllable to a large extent through the use of different ground rules, built-in holds, earlier start

dates, or additional manpower.

Table 6. Probabilistic model uncertainty impact.

Case SchedHr UnschedHr Avail(%) Bop(%)

25%ofSTS 166,460 11,482 93.5 78
UnscheduledMode

25%-- Min 162,348 10,764 93.8 95
25%-- Max 171,552 12,402 93.2 0

7. Reliability Impacts

When a measure of reliability is added to the model, impacts to operability are apparent. In this

case, reliability is measured relative to catastrophic failure of the engine, and catastrophic failure of any

engine leads to failure of the vehicle. The ground rule at the outset was that the system went into standdown

of 4 mo after a failure in order to diagnose, isolate, redesign, or mitigate the problem causing the failure.

The reliability impact of lost launches is presented in figure 17. Besides the failures, launches for the next
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4 mo are delayed. Out of the 600 launches (rescheduled now over a longer period of time), 126 were

canceled given an engine reliability of 0.95. For a reliability of 0.999, the number of lost launches is 1.8.

Clearly, a reliability value much lower that 0.999 would be unacceptable to a launch system such as this

one. Certain vehicle characteristics mitigate these failures (holddown, engine out), but the engines must be

very robust for consistent acceptable operability scores. The relationship of reliability, dependability, and

availability of this system as generated from the Extend TM model runs is presented in figure 18. The reliability

estimates used for this analysis were as derived in the analysis of table 21 for the engine out at liftoff and

catastrophic failure probability of 0.1 case. Clearly, reliability is the single biggest determinant of the

operability of the system.

(l_ g=

n=
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Figure 17. Impact of reliability on operability.
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Figure 18. Operability metrics by reliability.

These results indicate the impact of scheduled and unscheduled processing and reliability on the

launch system. Values of acceptable availability and dependability requirements would likely be around

95 percent. Considerable improvements in traditional spacecraft engine processing and design are necessary

to meet this requirement.
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Theseresultsindicateapotentialmanhourcostsavingsof approximately$115.3Kperflight alongwith a
7.4-hr reductionin the launchdelayfor theenginesetmodeledin this flow. Theshuttlemanpowerdata
wereusedfor thisanalysis.Figure19providesagraphicalview of themanhourcostreductionsandlaunch
delayreductionsfor engineprocessing.While potentialreductionsaregreatestin earlierprocesses(e.g.,
visual inspections),it is importantto notethat laterprocessesmay bemorecritical (e.g.,padactivities).
Timing controlssuchasbuilt-in holds will be moreeffectiveearlier in the processflow. Thereis less
opportunityfor controllingdelayslatein launch.

Table7. Engineprocessingmanhoursandlaunchdelayreduction.

Process
Description

EngineDrying

EngineAccess

Visual Inspections
Leak Checks

Closeout Access

EnginePurge

Flight ReadinessTest

Launch Preparation

Process
MHRS

(Schod)

154

20

374

216

140

52

52

40

Process
MHRS

(Total)

169

22

1,120
432

210

57

90

44

Process
MHRS Cost-
3-Engine Set

($K)

20.2

2.6

134.4

51.8

25.2

6.8

10.8

5.3

Target Cost
Reduction

($K)

1.7

0.2

80.7

23.4

7.6

0.2

1.4

0.1

Launch
Delay

Reduction
(ar)

0.03

0.05

1.6
2.4

1.2

0.8

0.5

0.8

Mhr Cost

10

0
Engine Engine Visual Leak Closeout Engine Flight Launch
Drying Access Insp. Check Access Purge Read- Prep.

iness
Test

EngineOperations

Figure 19. Engine operations manhours/cost analysis.
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By using the shuttle-based results and the process target results, a relationship between percent

nominal processing and clock hours or manhour cost can be determined for each process analyzed. This

type of relationship provides a means to estimate how much improvement is needed to reduce the manhour

cost of a given process to a specified target value, and where the improvements are most needed.

31



7. CONCLUSIONS

Deterministic and probabilistic operations models of engine processing flows have been constructed

to illustrate the methodology defined in this document. The goal was to select appropriate metrics, develop

a model, and conduct an appropriate design operations analysis. This supports design trade studies where

operations will be considered equally with performance analyses. Traditionally, this has been a serious

shortcoming of disciplines such as design operations. It has not been understood how to conduct such an

analysis and what measures of merit to use. This analysis presents such an approach and applies it to a

future engine concept. These models support trade and sensitivity studies allowing users to investigate

"what if" scenarios to support design decisions. With the availability and dependability measures, it provides

a means to quantitatively analyze scheduled and unscheduled maintenance activities for operations analysis.

The applications of this approach illustrate the traditional outcome in aerospace launch vehicle

operations modeling. The difference between processing goals and initial historical-based operations

estimates is large. This is at least in part due to the lack of good and accepted operations modeling techniques

which use well-understood and interpretable metrics. The approach described here attempts to correct this

problem by offering a rigorous process and good baseline data to identify operations concerns.

The results presented here represent a first iteration in an operations analysis process outlined in

figure 4 for a hypothetical engine concept. Deterministic, goal-oriented modeling provides a top view of

the requirements and allocations. The bottom-up, probabilistic analysis provides the operations processing

estimates to compare against the goals and requirements. The fin'st iteration involved the use of the STS

engine (SSME) experience base. Further iterations will adjust this baseline to better estimates based upon

actual design decisions. All specifications of processing are subject to requirements traceability via the

STS requirements database.

Engine system scheduled and unscheduled maintenance impacts in the proposed launch vehicle

flows have been identified. Critical path processes will have the greatest impact on launch delay. It is

interesting to note that noncritical path processes defined in the initial operations concept may end up as

critical path processes once an incidence of historical unscheduled maintenance activities is considered.

From the results it is clear that the single biggest determinant of operability measures is reliability. While

hardware reliability improvements are critical to improving operability, these results also point to

improvements in corrective maintenance processing activities as critical to improved turnaround times and

operability measures for future launch systems.
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APPENDIX AmEngine Operations Requirements Database

Table 8 presents SSME operations requirements (OMRSD's) and other pertinent information to

support definition and traceability for future engine requirements.
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Table 8. Engine requirements database.
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CnlCl_S4W noz_4n_ )Crlt I

Systl_ I,_ ln_y Chll_Z for _nc_. Mzt I or W_ 'n'_-u.
C_k_ Se_ no( kl_ ->Cnt I

Crack S_ nof r,_ ->Cm i

Crac_ S_ n_ Sm_l_ -> Cr_ I

E_ _,1¢ I_ or mS giaum _zy_wn mm imnts _

_lnn_ _eelgrd

l_r_mnzztlo_ mil_y c_No,Jl

)_c_ clw_k ofmmc_ _mm Okmhz_ Zlmp

Mat I(l_r,lw) orW_e "nlr_Crl_. HPOlnP ir,mm_ Ir_l

HO_ -> HG Io Tlmk. Cnl 1

_m_ i(st_,1,_)or_ "rhru-Cr_: HPOTP Inllzllz_nImpm_

HOi_ >HGIOTInL_ I

Tl_n _4m from Bq_k_ Wur Mlnof > lllruCrack.HG

Lm_m m Trek. cm I

Tzn_Cnt 1;T,._n V-,hi ¢rac_l ) _ofVanelm_'tMl
_1 .> _rn_e _ Cr_ I

ImlPOl'PIr,mal_,, I,_ _ ,>HS *oT_._,(:C_ I
L

Vm_Y no _ ordlUWlW nlt r_ c_g; nO n_

r_r_ _rwo_lon, no _ c_ng. !_ mlceng, or

w.cwm; rmr_rmloum m_ _ramnQ m mm_ngl_; no

_dy ne I_ _-._Wlg eu_ Io pr_l omlrm,ne_ of a_k_

Vl_fy _o Imm or e_lcn_l_ ilml_ mira cmc_ng mouo_n| w_
4SO mr_ the _L,rnlog_et_. nOnoz_ cr_r,g orW1_lOn. nO

_ crlcmg. OfZ_ C_r_, m _m no _mo_

U_ C_ ormlm_mg p_CU: rlobllmm_ _lela crlclon9v,z

_ al _,itz_le_oo lncorp_ az m _u_ ofa p_m

f_lum ofzm m_lOW_

I_ cam cmllml

Ae com_ _ or Ir_l

A8 Cornp_rlmmntowrP_n _ _m

88 c._np_ni _l_,n _ nm

A11 ¢omo_rmw_ o,_rmlwu_mon c.- fln_

All ¢omwm_.l o_ur,,_m_ or roll

_ C,O_ e,.Irplmul_z,_ or IWl

A_ Compw_,_md o_f_.on or e_l

Nt ¢ompar_ o_ or $,1

Aft Corn_ O_ _ flrl

An CO_ ow_ m em

A_ Com_ o_r_ ot flrl

Aft Comp_'!_e_ o_rprmmur_t_o_ or _m

_ Co_ ovwmmmr_mo_ or hrl

Erromous Sh.A_ew'_. Ioli of v_

Erron,DOUlI_ Imll of venlm

_1. Uncor_ _ne f_lurm

I_I. url_ engill _lorl

Fn, Ur_ mQ_ t_lum

Rm. UnCO_m n,_l wlgml fllum

_-_ Url_ engine _lu_



Table 8. Engine requirements database (Continued).

UI

OMRSO _ OESCRIPTION

NUMBER (V41 RUE IB OATEO WlS/N)
V41BUO3_O_ :El LPFDOVALrrYcHEcx

OMI_O

EFFECllVITY

F

Coen_eem OPF oMrs

L_eeo_,_ V10tt 02 Seq 10

V41E_UO.400 "PERFORM LPFD _RAy _P_CTK_N 'F

V41B_qO,0_O HPo'rP/AT T_R(_JE ITcST EKSC. RI, PLRU HPOI_

V41BS0,O_5 _HPOll_/AT INVE _rK_ATIVE TOR(_J E F ' HFO'i'P

V4 IBU0.4_6 :SSME LPFO TRI=OO LEGS _S_CT_N OCE 'L_m_uds

V418U0.(]6_ 'El A_ llLOCK m _ AM_nEI_aLL PKSC, NRAT HPO_
ICBRClX_

V41BS0.010J, ' _1 I_¢TP TOR_CJE _:S _r ' A, RI, PSI, ER, PLRU LPFTP

V410U0 127 'HPOTPIAT PBP T_BOLT LOCK F HPO_
V41BUO, lZB : HPOTP/AT CONT/U_K_T_ NSP_CTK_ ' A. FKSC HPOTP

V41CB0._ : SS_ HFOTP//_T _ WE 0rc_RING "PKSC :HROTR

'/41BS0.011 : LP_P _V_STC_TN_ TORQUE F LPFTP

V4t B_0.03_A E1 LF_TP TO_QiJE TEST /_ RI, PSI. EP-. PURU ' LI_)TP

Vl Ol 1_o3 S_q (_

VlOl 1.o3 _q o6

TBO

V101102SeqOe

V101103_e_04

V101103

V1011._Se¢l??

V1011.01Siq(_

VI01103S_q04

V101103Se_05 '

ENGINE SHOP VAB/PAO Ore'= OTHER ours RT OMI's

oMrs

V_)18 0o2 Seq 10

VSE02 S_125

v1294,000 _4q 04 vg018 002 SK 104

V4 IB.SO G31 : cPo'rP _%'VI_STIGA'rlM_ TORt_JE F LPO_

V41BS0 _ :El LPOI_ SH_FT _R_V_L '_ E_ _RU LPOTP

WISR00_O_ E1 MAIN _J_CTO_ LOX POST VACUUM D_P _n In_

DFCAY

V4 IBC_.C_4_ Et MAIN I_JSCTOR LOX _ B_S_ EK_ _

V418Q0_40_ :El _ L_R CAWTY _Y CHEC_ EKSC, LRU

V41BUO.031-A :E1 _O_ _ ULTRASONIC _SC MCC

V41BU00_1_ _CK_roR_W_I_H_--m _RU

REMOVED ,
V41_J0_ MC_I_u_roR_°_cno_wn_POTP PLRU

RB4OVI_D

V418C_ 1_-_ :E1 THRUST C_R NOZZLE LF_K I_SY E_CSC

v101103Seq0_

Vt01103SeQ06 VcJE23

V1011_Seq_

V1011_4_04

VI2S4,003 S_ O6

VI_.00_ S_q 05

V101102Seq0_ Vl03SVL2S_0_

VS_0SS_q12

VSE_S_I14

V1011.0_S_0_ V12_011S_0S VI04S.004S_q04 Vl0_Seq08

V41_QOJ_ ;E 1MCC TO NOZZLE SEAL LEAK TEST i EICSC. LRU. I MCC_

V41B_0 1§7 ,_ _ FNCAPSU L_TION LEAK F NOZ_
TEST

V41WJ0._S3-D :NOZ21_ V_UAL _-T10_ EKSC No_e

CYCL E}

V41BQ0 100 Ar-V SF.AT ANO SHAFT SEAL LF_U(AGF A, GP Vi_,ee

V41BQ0.101 _'V .t_t7/_i_ SEAT _Ot_lX_ F VWv_

V41B_.I_0_ E1 PROP V_LV_ _CT PNPd SF_L LFJ_K EKSC. LRU VIN_
V4 IB_O.171 PROP VALVE ACT PNEU SEAL _ TEST F VIK_,_

V418R0.0_0J_ El _'V CRACKING PRESSURE "nEsT EK.SC iLRU V=_m

V10110_q0_ ! V12_1.004s_103 VlO46.0045eq06

v12_4010Seq03

v101102S_qo_ : VIO38VL2Seq06

VlO11.02Seq_ VIO38W2SeqO_

VSE08 _eq 12

VSE02 Seq 14

V_ _eq 12

VSE06 84KI 12

V_EO2 Seq 14

"vtoE(_ Seq 14

VS_ Seq 14

VSr=0_ _ 12

V1011 02 Seq (_

TBO :

V1011 04 S_ 0r : v1046 00_ Seq 0'3

V1011 _ S_q o7 _ Vl04e 0_ Seq 05

VlOllO_S_q12, V12_4,002S4mlO VlC46006Seq04 v101106S_qo3 vs_lTSeqo9

180

COMBUSTK)N M_I Dlbond @ Lir_ M _ Reee r. U_ _ LOll; F_m. Uno0nt_nea erie faJ_n_
Ca13toC_ l_m.

r
COMBUSTK_N Bun_ D_m ore. wmne_ Lme_ TO Stn_ The- F_n_. Un_m_e_ enime _um

COMSUSTI_ _ D_bo'ld_ -> _m_ol, io'l, Cnt 1; e_l te.mk L,_d _ ri_. Uno011min_d en_ _

COMBUSTION I_oad w_m HPFTP Removed Fire. Un¢_n_k_ed engi_ failure

COMBUSTION I_a w_en H_OI_P Rlmwed _m. UnoB_r_d Ingm _m

CO_'_ON " C_d m Hm WI¢1111m-C r_ De_lde_ Lme_ Ma¢'l _ Bebon& _m. U re:retained mgme fltklm

pmd_=ons

COMBUSTK_ G-15 See Them_ Oeg_d_0_ _ _ Com_r< t _. C_ Fln_. Ur<onmn_ Ineme _u_e
CO_USTK_N Cad _ _ wll Thn_Cn_ ,ke Cm_n En_. t_em F,_, U nmr_me_ _r_ne t_lu_

Tubl Erld_ _ Reol_ UN F_fom_n£_ [J0u; C_ 3 _o Cat 1_
COMBUSTION Enme¢l Tu_e Crow_ _ Le_ge _lp le C_ I: Tuee _ _> F_m, U_ engine f_m

Trm I_; F_w Or Sh0_ We,_ _ Dyn D_ NZ. Cnl 1; Re

COMBUST_N Em_d Tu_l Cn_nl _ L_ up _ Cr_ 1; Tubl Ek_g_ -- Fi_, Un¢or_ll_d _1_ fldlgm

Trio HG Flow m Sho_ W_ _ Dyn. Oelel_n NT_ Cnt 1; Re
enm//vln_ling _ Mm.1Degnldl_on, Bgt_ _ Cdt. 1

COMBUST K_N kllpecl wtle_ _ Removed F_m. U_n_ en_l nl fl_

COMSUST_ON _ when HPFTP Rimoved F_l. Unconu_ned _ fa_lum

COMeUST_ _ _en h_O19 P_no_d _. Uncon_r_d en_ne _aun_

COMSUSTK_ In_ _ h_O_P P._mo_d _. Unmn_ned enB_ flanm

C.OUBUSTION _ Po_ F_nnea. t0_ o_ P_ -> _cr_ Dem_e _o F_. Uno0n_nea eng,_ _k_re
Po_ _ Lore ol Polt _nto Tur_ne. Cdt 1 or blWmel L_kll_ -,
Ovla_ _urnm. Cr¢ 1

COMBUSTION Dlml_ed P_I P_ Lore of Plns -> _nol_ D_m_ee to Pi_. U_co,t_t_d _ figure

COMBUSTION Dwnaged _ _nned, L_ of _ _ Illcrlese D_m_le te F;re, Ono_ll_ned engine f_um

P_I _ PI_ Paint & um m L_ af Po_ _nt_ Tu_. Cnt 1_
I_n_ L_ek_ O_rh_ Tu_. Cat 1

COMBUSTION _ _ _ "POP" - "POP" o_n_e, Bo_ng Fire, UnClaimed _i_/a_

m

Inl_nl Ira= LOFD hek_m t_im" syl_m is fun_onal Io pr_ F_. Umxx_ned en_ne fillk_

co_apee e_ me du_

Ptmo<kc (e,_l_ 10 icwtl) To _l_y _llt 0_ RIV i_ff _hl Fbm, U nomt_ned mgi_ fl_tunl

No LOX m H_X _ - Cat I F_ Ur¢o_med inane f_un_

V_ Lmk_e =LRU kltle_y Check F_rl. Uncon_ned engine fldlum

llmIib0n @_o_ _ fm V41BQ0 1TOJ, i_ge lim_l im Fkl, Urtconblirmd Ingme f_ium

V_f/_ AFV opwa_o_ • C_t I Findr Unconm_ _mlline (_l_



O_

Table 8. Engine requirements database (Continued).

I IV41 FIE • _TB) Irm i

V41_ r_Ft_ _ iA '_

V41BQ0.010-A E 1FIJB. Tp t._q_AFV BALL 8r_AL LK I--_ST IJEKSC. ER i HF_c"flp. tPF.rP. MFV

V41BQ0,011 FUEl I_ LK_MF_ _US _XJ_T_N TE_T F i

V4't_ 0_)G.#, _ 1F_ TP P_TMAFLEX_FV _ _ BCSC :_ L_, Mkt'V

v411k_0._r FUEL _ _ _ _ST F ' Hlr,1:llp t P'F_P.

V41BQ0_O_ E1 COMB HOT GAS _ SFAL LFAK TEST EK_C, LRU Sy_

V41BS0043_B 'E2HPOI_LLERLOCXVERI c PI_C, PIRU kin.AT

V41B80_¢_C ;E3 VOOTP _UJER L(_K VERIF FPKSC, PLRU, NRAT

V410Q0062_A :EI_M_COM_HOT_TOFU_LSY_ "PKSC Symm

V4 t mQ0.0¢t ' _,_ HOT O,m_ _"Vl_tg_ mO IK CX F Sym_'n

V41BO0_30-A [EI_B_J_EDVAL_TLEAK_ST B(SC. LRU vi¢._l._

L

v41B_l.0d12 iFUFJ_IN_r=DVALVEeB.LOWBLEAK11_s'r LRU vl_m

V41_._1-8 i _ Mr_ gI_UNE ut'rRA_NIC "_

IINS_m'l_l

V410CO.034 IOXlDBCl=_DVAL'dEB_LLOWSLEAKT_S'r LRU voP,'_

V41BS0._0-A FI H_n'_P T0_C_._ 11ESI & RI, PtRU

V41 _.021 _ _ TOROUE F Hl=_"mrl>

V41AL0010-A EI_ELECTRC.ALBONDINGTEST I. Bq 'Av_,,_o,

V41_0_ _1 _CT_ _F_ PANEL L _R rA_

V41AL0.030-A Et SSJaFJWC ELEC'm¢._ BOWDING '& l. ER A_

V41AN0 010J, El SSME CO_ _ 'A. ER :Aw_o_cl

V41AN0 0_0-A El _ POWER R_DUNOAMCY _A. ER AVO'._

V41AN0.0_2,,A E_ _ POWER SUP_Y A. LRU A_

v41_o,n_3._ _E1CONI"ROLLER ;m/MSMORY TEST LRU _om_,

V41Am,O_ i El _ O0_TROLLER :A_ E_ LRU A_

V41ZA0010 _SSMEHAFmP3.SR_NTRS'rEST L_ "A_

V41AU0.0_O-A IE1 PO_T_'LT STRAIN GAGE _ECK_ _ EKSC

V41AU0 01gO-O 1El PO_T._GHI" .S_NSOR C_[-MCKOUT r A. E_SC ' l,mrum_l_

V41A.U0.016-A i E I MADS INs'r_uI,_:NTAI"K_ A._'R

V41AUO 020-A I El S_ _ CklAN_LBATON '_qr LRU k'Wr,,mw_a_n

V41AU0.PAZ-A ' E1PIPOI?' STRAIN GAG_ D(_ONO 11Es"r A. _'_RU. I. NRAT

V41AP0 0_0-A "E 1 MFVA PRI HEA'ilSlq PO_q ON '1 V=,'v_

V41At_.0_0-O i E1MFVA SEC HEATER pO_/_R 0_1 '1 V_

V41_I-A 'El PO6TFLIOHTMCCLIMI_RPOI_IG 'EK.SC : MCC

V41BU00_6 'HOMOX_SK_DYIEPENIN.._PpHAS_I_ '_n0

V11BU0 0e7 _L_N_p_ TC F_

I_)

V41BU0 0M HGM OX]D S_ DYE P_N _SP (I_HA_ II+1: I_ PoNdlmd

V72AQ0.040-A V[F_I_¢ _ME l_tU t CX_IMA/_ PA_ _LRU A_

i O_F OMI'I _--._-..__ SHOP V_AO oMrs

VI011.04F_O_J6 I VIOM.(X)51_U2.......,.,o,] "_".... ..... _.=

V1011.06 Seq 06 ' v1294 001 Seq _ Vl0_.0_ _,q 03

V1011 06 _,q 06 V12_4,006 Seq 03 VIOM,002 8eq 0_

VI011 _ V1294.005 _q 0e VI_

V_t _ _ r V_

mid

VI011_00 Vl_._ _ _ v1_

VI011 06 _eq 04 V1294 C_6 ;_q 03 VI04&002 Seq 05
VI01i_P2 Seq _

V'f011_2 S4m 04

V1011,(_ _q 10 ; V1294 0_6 Siq 03 V104_,002 Siq 07
Vl011 O2 _ O6

vl0tt 02 S*q 06 :

V10'f't,G6 _eq 11 : V1294,0_ I_q 03 V10_.003 _q 0_

V1011.03 S_q 0e VSL=0_ _ 1

VI011,03 Seq 0Q _n_:06 CI_J 1

VIOl I 0(I S_q Q_ V121M,O02 _41q O_

V12_,I.0_G_ _tq Q_

Vl0tt 08 _eq o2 V12B4.0(Q Seq 07

VI011_SOq04

VIZ),(+.002

V1011,02 Seq 06

V¢_E06Soq12

VS_06S_qI2

V1046 001 SeO 04

VlO4#lOOISeq12

V1046,_O1 Seq 13

V1046 001 Seq 13

If.JR_

Vl03,s'v12 s*q oe COMBUSTION

V103_WL2 Seq oe COMeU S'F_O_

TU_MPS

TURBOPUMPS

AVIONICS

Vg,_IVL4 Seq O2 AV',ONIC$

V'_01"_4 Seq O2 A',,_ON_CS

V'U00_'vt4 S_q O9 AVIONICS

AV;ONICS

Vg001Vt 4 S_q 0g AVIONICS

AVIOniCS

W_X)IVL4 Seq O2 AV'_N _

V"_01_4 _ O2 A'V:O'q_CS

AVmONICS

V'_O1V_4 _ O2 AV'_N_CS

V_(X)I',_4 Seq O2 AV_'N_C3

^VlON_CS

^VlONIC.S

AV_NIC3

AVION*C_

V1038VL2 _ oe COMBUStiON

COMSU_'r:o_

COMBUSTION

CO*._USTIO_

COMSUST_N

COMS_UST;O_

_1W4 Seq02 A'vlONICS

Ro_C,m,ecmm,¢_

Haz_'d_um Qm b_ldup

Hu.aNo,,m QW, I_',Jp



Table 8. Engine requirements database (Continued).

(V41 FILE lU DATED WIM)5) EFFEC11VITY

!_y _ I_ 18TAT CHANNEL A, LRU iA','I_

v_ O_ EmU I FM SYSTEM N4_RFAC_ _A L_ AV'O._

VTZAWO.030_ EIU t POWER REI_JNOANCY A, LRU Av,o'__

V41BUO _ El _ SHIELD BLANKET _SPECTK_N A HeelSh_d

V41B4J0.421_ e* El EMHS _C_ A _

V41 _ O5O HYDRA_ DRAIN LINE _CTK)N rC L.m_d_

TL_E & CYCLE)
VS_AG0 121_ SUPPLY QO PRE 4AA_ _PECTK_N I ' L_eW_o_

V56AGO.121 -B RETUFm OD pP_MATE (_ISPE CTK_N i : Lk'm_JDuo_

"v"_&_GO. 1Z3-A SupPt y oo D_ MA11_ I_PECnON I ' C_el_xm

I Z3-S _TURN CO OE_TE I_PECTIO_ ' _ ' b_,wtX, ct=

V41CB0m0_A El MCC INJC-C_OR INSPE-CTION i EKSC MCC

v41cim_ '_2,T, SME NO22LE BUMPER IPLC¢ NOCZ_

_STALLAT_N
V41BQO.0_A E 1PCA FU_L SK_E INTERNAL LEAK TEST r EKSC, LRU

V41B(_) 091-A E 1PCA L02 $1D£ INTn_V ST_SF_r St LKG EK.SC, LRU PCA

V41 _._ i _._ Lm SD_d_V L_ ISOt_TD_ jF

V4 I_S0 i_0-A E 1 PNEUMATIC CHEC_OI.rr EKSC, ER, LRU P11eumaiJoz
V41BU0.0_-A :El P_EUMATCWN_ FLANGE XC, LRU 'Pneum=_=

w_no_
v41_uo.0_o_ E1 COe4_O_NTS EXTERNAL W,_o_CT_NI_SC Symm

V418C_.033 )FU_- S_STEM UU INSPECTION i _KSC Sy_wn

V41BU0.300-A lIE1 HELIUM _ SY_ INSPECTION IA. LRU ' Sym_z_

V41EIU0.510-A E1 SS&_ TO O#_)ITER _ ERL MOO, LRU S 1,_m
C_ CHEC_

v41Boo.s30_ El _-TO-EMH_ O.EARM_E CHECK A

V41BW0.031,.A E I F_EPS FC_ OF_ ROLLOUT A S_

V41BWO.034 IIN_TL S.S_E 5"TO_U_G_PPING COV_'_ ER8 : Sy_m

V41OSO 0_0 IS._E Po_r_om_ FOST LAN_,_; pLCL Syswn

V41C80012-_ TEI_B_R_I_RSYSWS_ECTIO_OST :EKSC

F.Li01-rr
V41CA_.0_O FErRy FUGHT SET _ALLATIO_ ' FF i Spm_

V41C_0.0e0_ "EN_4NEN.Z_3PUf_E(E_IASEII) :EKS_ Sy_wn

V41C_0.(_1 ' _a'_NESS V_tlFIC_TION (PHV_E ffi EKSC i Sy_m

V4_0_4_ ' E_ FlIT Ci_OCrr EKSC, _ U_ _

V41 _S0._ : E I F_T I_.UMATmC SHUTOOWN SEO _K.SC, _R, LRU ' symm=
DATA _,_

V41BUO I_A El YAW kePS T_ A_ENT _LRU, 1ST ' Tvc
V41600.I 308 E1FI_O_ MPS TW._ AL_Gm_ L_J, 1ST 'TVC

WIB_.O_ !E10)ODIZERP_VtV_GCNLEAK EK.SC, I _V_

TErn"

V41_.041 O_O¢_R PROP VLVS/PRG CN ISOLATIO_I F V_

[_Em

V411_0.1 _A :E 1LO2 _ VALV1E BALL SEAL LEAK F_KSC, FR iVmNII
V41BO0,121 LO2 PROP VALVE BALL LKG kSOtA_ON vJvm

V41B_).130 _ SHAFT SEAL LEAK TEST (TIME & TC V_

V41_@ I_ _I _ .e_:AT FLOW TEST EK_C
V41B(_.141,.A "E1 0_V StoAT L_*K T_ST 'EKSC, LRU v_

V41B_@,I_d)-A iE 1GCV CH_CK VALVIE LEAK TEST _KSC, LRU 'V_

V41 _0 1_ H_V CHECK V._,LVIE LEAK _ST TC Vih,e$

V41_Q0.1Q0 OPOV SL_ TEST & W_*,_OW CALIB 'LLRU 'VId_

V41BC_,I_I F POV SLIEEVIE "n_s T & WlNOOW CALIIEI I,L_U V_

V41BU0.070_ El AFT CL(_o_Pr INSPEc_noN A VW_,_
I

OPF OMrs ENGINE SHOP

OMrs

V41-4(X)IB

V1294.002 Seq 19

v1011.01POSu 5 v1294.0_ S_102

_02s S_ 1_

v1ot 1osseq t2 v1294 002 Saq 10

V1011(_ 12 V1_4 002 Seq 10

TBD
V101_ 06 S_ 04 V1294.002 S_q 11

V1254.002 S_ 10

V1011.02 Seq O4

V1011.02 S_ 04 :

V1063 S_q 14

V1063 S_q 14

V4t-50_4

V41.2_03

VSO_7

V12S3 S_ 04

V1Z94 0_ S_ 04

V1294_08 S_q 04

VI294.00S Seq 06

V1011 0_S_q 0_ V1294.002 S_ 13

Vl0_l.0e _ _ V1294 002 S_ 19

mO

rBo

V1011.0_ Seq 06 VlZ_4.002 S_ 12

V1011_(_ V1294 012 Seq 04

V1294 012 S_ 04

V10_1 (_ S_ 07 V1294 007 Seq 03

TBD

TBD

V101_ (_ S_q 06 V1294 006 S_q _

V1011.05 S_ 06 V12_4 006 S_q 03

V1011 04 Seq 0e V1294_ S_03
TBO

V_294 OO2 S_ 14

VlZg_ 00_ S_q 14

I

VABmAD O_rs OldER ows t_r our= SUBSYSTEM

cODE

v9ool VL4 S_q 02

S0017VL13 S_ 4Z

Vg_IVt4 Se_ 02

S12B7 Seq 04

V1046 001S_q _3

$1287 Seq 0_

06 Seq 03 HYD_,U LK_S

V9002 06 Seq 03 HYO_XUUC3

"49002 06 ,_q (_ F_MJ L ICS

Vg002.0_ _ 03 HY_RAUL ICS

Vl C08V_ _q m COMBUSTION

S0026 VI03aVL2 Seq 14 COMeUSl_N

V1011 O6 Seq O3

V1011 0_ Seq O3

V9018 002 S_ 07 DUCTS

Um'_u RAT1ONAI.E_OOT CAUSES
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APPENDIX B---Scheduled SSME Operations Data

The following spreadsheets present the detailed data collection from SSME processing experience

at KSC relative to scheduled activities. Tables 9-12 present the summary information relative to figures 6

through 9. Following that, the specific processing tasks for the four flows appear in tables 13-16. Finally,

an example of the existing level of detail supporting the flow layouts is presented in table 17. Note also that

a zero in a work column only reflects that no engine processing personnel are required for that task.
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Table 9. OPF SSME postflight planned operations.*
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Table 10. OMEF SSME planned operations.*
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* OMEF data reflects single-engine processing. For complete model, processing timelines must consider number of engines per vehicle.
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Table 11. OPF post-SSME installation planned operations.*

V5005

V5007

V5005

1/5087

V5005

V0087

V5005

V5095

Process

V1011.03Run 3

V1011.03Run 3

V1011_5

iV1011.04

V9OO1VL4

V41/G41_/00JC's

V1063

• Y5057

79002.06

V41-20003

V5057

V5057

Sub-Process Process Description

SSME Installation Preps

V5057 Stiffarm Bracket & TVCA Support Installation

Engine 1 Installation Handling GSE Operations

Engine 1 Installation Operations

Engine 3 Installation Handling GSE Operations

Engine 3 Installation Operations

Engine 2 Installation Handling GSE Operations

Engine 2 Installation Operations

Post-SSME Installation Operations

V�OO2,Q6 .................. QD Demate Operations

LPOTP Postqnstallation Torque Check

LPFTP Post-installation Torque Check

Orbiter/SSME Interface Verification

SSME COX System Leak Checks

Orbiter/SSME Electrical Interface Verification

Heat Shield Installation Operations

SSME Gimbal Clearance Checks

. TVCA P!nningOperations

SSME Hydraulic QD Leak Checks

SSME OPF Roll-Out Inspections I
Thrust Chamber & Miscellaneous Cover Installation

TVCA Midstroke Lock Installation

Duration (PD)

24.00

4.00

5.00

7.00

5.00

7 .00

5.0O

7.00

32 .00

4.00

12 .00

6.00

72-25

14.00

8.00

126.00

17.50

4.00

1.00

19.00

400

4.00

* Based upon three-engine set

Tech MHrs QC MHrs

31 37

8

19

42 12

19 4

42 12

19 4

42 12

88, 56

4 4

Engr MHrs

13

0

11.5

25

115

25

11,5

25

0

0

12 12 12

6 6 6

59 50.5 24.5

20 12 10.5

0 8 8

704 352 0

34.5 31.5 42

8 _ 0.
1 1 1

11 11 6

4 4 O:

8 4 Q

TotalMHrs
81

12

34.5

79

34.5

79

34.5

79

144

36

18

134

42.5

16

1056

108

12

3

28

8

12



Table 12. SSME VAB/pad processing planned operations.*

Proceu Sub-Process Proceu Description Duration (PD) Tech MHrz QC MHrs Engr MHrz Total MHrs

S0008 38.00 0 0

$0000

Vl149

V5057

v1046.oe1

v9oo2.o6

V1046_02

V1046_03

ygoo2.o§

V1202

S1005

V5057

V9001VL4

V9002.06

V5057

V5057

$1000

V9OO1VL4

S1287

V9018.001

V5057

V5057
S0007

V9018.001

$1003

R1N04

Shuttle Interface Testing

GN2 Interface Leak Check & Trickle Purge Ops

Thrust Chamber Cover Removal & Installation

Launch Pad Validation

SSME Flight Readiness Test & Checkout

Prens for SSME Hvdrsulic Ooerstions

TVCA Midstroke Lock Removal

SSME Controller Power-Up Operations

LH2 System Ball Seat Leak Check

SSME/TVC Actuator Hydraulic Power Dwon Securing Rqmts

TVCA Midstroke Lock Installation

L02 System Ball Seal Leak Check

SSME Hydraulic QD X-Rays

Orbiter Aft Helium Signature Test

L02 Propellant System Conditioning

SSME Chamber Cover Removal/Drain Line Adapter Installation

LH2 Propellant System Conditioning

SSME Controller Power-Up OneratJons

Orbiter Aft Closeout for Flight

MPS & SSME Initial Preps for Propellant Loading
;TVCA Midstroke Lock Removal

I SSME Protective Cover Removal

Shuttle Launch Countdown Operations

MPS & SSME Final Preps for Propellant Loading

L02 Propellant System Loading Operations

LH2 Propellant System Loading Operations

3000

1,00

44.00

21.00

3.00

4.00

200

3.00

2.00

1.50

1.00

4.00

34.00

650

200

9.,5O

2.00

100.00

8,00

3400

8r00

181 37

8.00

24.87

24.87

9.75

0

11,25

0

4

2 9

2 0

8; 4

0 6

(_ 5,5

1 0

4,

?
3.75

48

8

60

8

12

3

1,5
2

4

5,5

42

34

83

3

24.87

0

12.75

0

12

1

0

5.5

0i

0_

0;

4_

66 ¸

153

0.25

49.75

0

0

33.75

12

23

3

12

14
15.5

4.5

5

8

10

3.75

156

24
102

248

6.25

74.62

* Based upon three-engine set
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Table 13. OPF rollin to SSME removal tasks.

ID

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

4O

Task Name

OPF Roll-in to $SME Removal

Orbiter at OPF Deor/SO028

HPFTP Bearing Drying Operations_/1011.01

Extend Platforms 10S and 19S/V1011.01/V35xx

Remove SSME Environmental Closures

Mate Bearing Drying Flexhoses

Retract Platforms 10S and 19S/V1011.01N35xx

MCC Acoustic Cavity Inspections/install Throat Plugs

Mate Bearing Drying Exhaust Duct

InstallSSME Bellows and Miscellaneous Covers/V5057

Establish Safety Clears

HPFTP Bearing Drying Purge Initiated

Perform SSME Bearing Drying

Perform Filter Inspection and Cleaning

....... Disassemble Test Setup and Remove Throat Plugs
Establish Aft Access

Install Entry Level Platforms/V35-O0001

Install Floor Level Platforms/V35-O0001

Aft Access Available

OPFBay Open for Normal Work

Orbiter Initial Power-Up

Helium Daggle Leak Check/V1253

Install TVCA Midstroke Locks/V5057

Verify Throat Plugs Removed and MPS/SSME Helium Tanks Pressurized

SSME Controller Initial Power-Up/V9OO1VL4

EstablishSafety Clears for Helium System Activation

Perform SSME 750 psi Helium System Activation

Perform LPFD Helium Barrier Inspection per V41CBO.012

Perform SSME 750 psi Helium System Securing

Install LPFD Purge Blanking PlateAdapter/Remove Baggies

8SME Drying OperatlontJVl011.Ol

Mate GN2 Purge OD to Orbiter @ PD14

Install Heise Gages @ TP24 and TP25

Assemble/Mate 15 Purge Hose/Filter Assemblies

RemoveJoint F6.10E6.11 Plugs/Boroscope for Moisture

Install Joint F6.10/F6.11/G4.3/N16 Adapters

Loosen Bolts @ Joint N14 Plate

Install LPFTP Anti-Rotation Tool

Install Shim @ Joint D35.2/N11.2 Transducer Stack

Install Shim @ MCC PcTransducer/Inspect for Moisture

I Duration I Work[

271 ,Oh 1305h

Oh Oh

24.75h 98.25h

0.5h 1.5h

0.5h 0.5h

2h 4h

O.5h 1.5h

4h 8h

4h 12h

3h

0.25h

Oh

8.5h

2.5h

2h

3h

Oh

Oh

Oh

12..5h

3h

0.25h

4h

0.25h

0.75h

3h

O.5h

4h

45.5h

41"1

11"1

8h

2h

lh

0.5h

0.75h

0.75h

3h

Predecessors I Resoarco Names

Tech[2],QC

4 Tech

5 Tech,QC

6 Tech[2],OC

Tech,QC

8 Tech[2],OC

6h 19 Tech,QC

1.25h 9 Tech[2],QC,Safety,Engr

Oh 11

1242.5h Tech(2],OC,Safety Engr

5h 13 Tech,QC

8h 16h 13 Tech[2]

5h Oh

Oh

Oh 17

Oh 16,18

Oh 19

Oh

43.75h 20

9h 20 Tech[2],OC

0.75h OC,Engr[2]

8h Engr,OC

1.5h 24,25 Tech,OC[2],Safety,Engr[2]

4.5h 26 Tech,OC[2] ,Safety,Engr[2]

15h 27 Tech,OC[2],Engr[2]

1h 28 QC,Engr

4h 29 Tech

173h 22

12h Tech[2],OC

2h 32 Tech,QC

16h 20 Tech,OC

4h Tech,oc

2h 35 Tech,OC

I h 36 Tech,OC

1.5h 37 Tech,QC

1.5h 38 Tech,QC

6h 39 Tech,OC



Table 13. OPF rollin to SSME removal tasks (Continued).

ID

41

42

43

44

45

45

47

48

49

5O

51

52

53

54

55

56

57

58

59

6O

61

62

63

54

85

66

87

68

69

7O

71

72

73

74

75

76

77

78

79

8O

Task Name Duration I Work [ Predecessors I Resource Names
InstallThroat Plug/Monitor Gage/Drain Line Adapters 3h 6h 34 Tech,QC

Mate Flexhoses@ HPOTP Turbine Primary DrainAdapters lh 2h 41 Tech,QC

Mate Flexhoses@ Joints F6.10/F6.11/G4.3/N16 Adapters 2h 4h 42 Tech,QC

Mate Throat Plug/HPOTP Ox Seal/Turb Sec Sealto OPFVent System 3h 6h 41 Tech,OC

Perform Engineering/SafetyWalkdown of Drying Setup 2h 6h 44 Safety,Engr[2]

V1011.01 Call to Station lh 7h 45 Tech[3],QC,Engr[3]

Configure/Prep GSE Panels lh 7h 46 Tech[3],QC,Engr[3]

EstablishSafety Clears for SSME Pneumatics Activation 0.25h 2h 46 Tech[3],QC,Safety,Engr[3]

Activate SSME Pneumatics/Verity SSME Valve Positions 0.5h 3.5h 48,47 Tech[3],QC,Engr[3]

Appi_/MPS L02 and ill2 system Blanket Pressure........ l h 7h 49 Tech[3],QC,Engr[3]

Establish safety Ciear of Levei10/19 Platforms 0.25h 2h 50 Tech[3],QC,Safety,Engr[3]

Initiate HPOTP Turb Pri Seal/Ox System Drying Purge perV41CBO.080 0.75h 5.25h 51 Tech[3],QC,Engr[3]

HPOTP Turb Pri Seal/Ox System Drying Purge Active Monitoring 2h 6h 52 Tech,QC,Engr

Secure HPOTPTurb Pri Seal/Ox System Drying Purge 0.25h 1.75h 53 Tech[3i,QC,Engr[3]

Switch Flexhosefrom Turbine Primary to Turbine Secondary Adapters 0.Sh 3.5h 54 Tech[3]iQCiEngr[3]

Mate Turbine Secondary Sealto OPFVent System 0.Sh 3.5h 55 Tech[3],QC,Engr[3]

Initiate MCC/FPB/Nozzle Drying Purge per V41CB0.080 0.75h 5.25h 56 Tech[3],QC,Engr[3]

MCC/FPB/Nozzle Drying Purge Active Monitoring 2h 6h 57 Tech,QC,Engr

Secure MCC/FPB/Nozzle Drying Purge 0.25h 1.75h 58 Tech[3],QC,Engr[3]

Perform HPOTP Dryness Verification per V41CBO.081 2h 6h 59 Tech,QC,Engr

Demate Flexhoses@ Joints F6.1O/F6.11/G4.3/N16 Adapters

Torque Joint N14 Plate

Remove Shims/Torque MCC Pc Transducer and D35.2/N11.2 Stack

Tee-ConnectTurb Pri to Turb Sec/Connect to Lo Press Manifold

Perform MCC/FPB/Nozzle Dryness Verification perV41CB0.081

DisassembleTest Setup/Route Filters for Bubble Point Analysis

SSME Inspections and Checkouts in OPF/VlOl1.02

Perform Megger GR1864 Setup 8h

0.Sh lh 60 Tech,QC

0.25h 0.5h 61 Tech,QC

lh 2h 62 Tech,QC

1h 2h 63 Tech,QC

2h 6h 64 Tech,OC,Engr

12h 24h 65 Tech,QC

44h 140h 31

8h Tech

Perform E1 ExternalInspections (excluding Nozzle) per V41BU0.030 4h 8h 68 OC,Engr

RemoveE1 Internal Inspection Port Hardware 4h 4h 69 Tech

Perform E1 Quick Look Internal Inspections 8h 16h 70 QC,Engr

Secure E1 Inspection Port Hardware 4h 8h 71 Tech,QC

Perform E2 ExternalInspections (excluding Nozzle) per V41BU0.030 4h 8h 68,69 QC Engr
Remove E2 Internal Inspection Port Hardware 4h 4h 73 Tech

Perform E2 Quick Look Internal Inspections 8h 16h 74,71 OC,Engr

Secure E2 Inspection Port Hardware 4h 8h 75 Tech,OC

Perform E3 ExternalInspections (excluding Nozzle) perV41BUO.030 4h 8h 68,69,70 QC,Engr

Remove E3 Internal Inspection Port Hardware 4h 4h 77 Tech

Perform E3 Quick Look Internal inspections 8h 16h 78,75 QC,Engr

Secure E3 Inspection Port Hardware 4h 8h 79 Tech,QC



Table 13. OPF rollin to SSME removal tasks (Continued).

ID

81

82

83

84

85

86

87

O3

89

9O

91

92

93

94

95

96

97

98

99

leo

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Task Name I Duration
Perform HPuTP Strain Gauge Bonding Inspections per V41AU0.090

Perform TDT Sensors Resistance Measurements per V41BU0.250

$SME Post-Flight Low Pressure Pump Torque Checks

Engine 1,2,3 LPFTP Torque Checks/V1011.03 Run 1

Engine 1,2,3 LPOTP Torque and Travel Checks/V1011.03 Run 1

$SME Heal Shield Removal Opemtlons/V41--40o21,22,23,24,25,26

Remove DMHS Carrier PanelsN80-05907,33,35

Remove DMHS Splice/Perimeter Hardware/V41-40021,22,23

Install E1 Lower Splice Platform

Position Davit Crane to 19w Platform

Begin Heat Shield Removal Operations

Remove E1 Left Hand DMHS/V41-40021

Remove E1 Lower Spiice Platform

Remove E2 Loft Hand DMHS/V41-40022

Remove E2 Right Hand DMHSN41-40022

Remove E2 Right Hand EMHS/V41-40025

Remove E2 Left Hand EMHS/V41-40025

Reposition Davit Crane to 19E Platform

Remove E3 Right Hand DMHSN41-40023

Remove E3 Left Hand DMHS/V41-40023

Remove E3 Left Hand EMHS/V41-40026

Remove E3 Right Hand EMHSN41-40026

Install E2/E3 Lower Splice Platform

Remove E1 Right Hand DMHSN41-40021

Remove E1 Right Hand EMHSV41-40024

Repositlon Davit Crane to 19W Platform

Remove E1 Left Hand EMHS/V41-40024

Remove E2/E3 Lower Splice Platform

Stow Davit Crane

SSME Removal Operations

Engine Removal Preps

Oemate SSME Hydraulic QD's/V9OO2.06

Perform Orbiter Hydraulic System Venting

Demate E1 Hydraulic Return QD@ Joint H17

Perform E1 Hydraulic Return QD Demate Inspection per V58AG0.123-D

Demate E1 HydraulicSupply QD @ Joint H1

Perform E1 Hydraulic Supply OD Demate Inspection per V58AG0.123-A

Demate E2 Hydraulic Return QD @ Joint H17

Perform E2 Hydraulic Return QD Demate Inspection per V58AG0.123-E

Demate E2 Hydraulic Supply QD @ Joint H1

4h

4h

18h

6h

12h

58h

40h

4h

Oh

2h

Oh

lh

Oh

lh

lh

lh

lh

2h

lh

lh

I Wod(

12h

12h

54h

18h

36h

276h

120h

12h

Oh

6h

Oh

I Pradicessore i
68

81

67

84

67

23

87,88,89,90

RelogreiNames

Tech,QC,Engr

Tech,QC,Engr

Tech,QC,Engr

Tech,QC,Engr

Tech[2],QC

Tech[2],OC

Tech[2],OC

Oh

lh

lh

2h

lh

Oh

2h

94h

12h

7h

4h

0.25h

0.25h

0.25h

0.25h

0.25h

0.25h

0.25h

10h 91 Tech[6],QC,Safety,Engr[2]

Oh 92

1Oh 93 Tech[6],QC,Safety,Engr[2]

1Oh 94 Tech[6],QC,Safety,Engr[2]

10h 95 Tech[6],QC,Safety,Engr[2]

10h 96 Tech[6],QC,Safety,Eng r[2]

6h 97 Tech[2],QC

t0h 98 Tech[6],QC,SafetY,Engr[2]

10h 99 Tech[6],QC,Safety,Engr[2]

lh 10h 100 Tech[6],QC,Safety,Engr[2]

lh 1Oh :10_...............................................................Tech [6],QC,Safety,Engr[2]

Oh 102

1Oh 103 Tech[6],QC,Safety,Engr[2]

1Oh 104 Tech[6],QC,Safety,Engr[2]

6h 105 Tech[2],QC

10h 106 Tech[6],QC,Safebj,Engr[2]

Oh 107

6h 108 Tech[2],QC

520h 109,86

129h

29h 86

2Oh Tech,Safety,Engr[3]

0.75h 113 Tech,OC,Engr

0.75h 114 Tech,QC,Engr

0.75h 115 Tech,QC,Engr

0.75h 116 Tech,QC,Engr

0.75h 117 Tech,QC,Engr

0.75h 118 Tech,QC,Engr

0.75h 119 Tech,QC,Engr



Table 13. OPF rollin to SSME removal tasks (Continued).

IO Task Name [ Duration I Work Predecessors i Resource Names

121 Perform E2 Hydraulic Supply QD Oemate Inspection per V58AGO.123-B 0.25h 0.75h 120 Tech,OC,Engr

122 Demate E3 Hydraulic Return QD @ Joint H17 0.25h 0.75h 121 Tech,OC,Engr

123 Perform E3 Hydraulic Return QD Demate Inspection per V58AGO.123-F 0.25h 0.75h 122 Tech,QC,Engr

124 Demate E3 Hydraulic Supply QD @ Joint H1 0.25h 0.75h 123 Tech,QC,Engr

125 Perform E3 Hydraulic Suppiy QD Demate Inspection per V58AGO.123-C 0.25h 0.75h 124 Tech,OC,Engr

126 Orbiter Interface Hardware Verification (Aft) 4h 8h Tech,QC

127 LH2 Foam Removal (Aft) 8h 16h Tech,QC

128 Terminate Aft Compartment ECS Purge Air per V3555 Oh Oh

129 PVD Controller Duct Removal (Aft) 6h 18h 128 Tech[2],QC

130 Reinitiate Aft Compartment ECS Purge Air per V3555 Oh Oh 129

131 Calibrate Force Gages (Roc) 8h 16h Tech,OC

132 Orbiter Preps (Roc) 4h 8h Tech,OC

133 Electrical Interface Demates (Aft) 4h 8h Tech,QC

134 Engine Preps (Roc) 4h 8h Tech,QC
135 Orbiter Helium Handvalve Installation (Aft) 2h 4h 133 Tech,QC

136 Terminate Af_Compartmen:t ECS Purge Air pei v3555 Oh Oh 135

137 Demate Fluid System Interfaces (Roc) 2h 8h 136,131,127 Tech[3],OC

138 Reinitiate Aft Compartment ECS Purge Air per V3555 Oh Oh 137

139 Install Interface Support Panel (Roc) 2h 6h 138 Tech[2],QC

140 Engine 2 Removal GSE Handling Operations (Roc)N5087 8h 36h 111

141 Verity Lift Truck, Carrier and Rail Table Proofload Validations 0.5h lh Tech,QC

142 Install Lift Spoon 0.Sh 1h 141 Tech,QC

143 Mount Rail Table on Lift Truck lh 4h 142 Tech[2],QC,Engr

144 Mount Carrier on Rail Table/Lift Truck 2h 8h 143 Tech[2],OC,Engr

145 Perform Dummy Load Brake Test without Engine 3h 21h 144 Tech[4],QC,Safety,Engr

146 Transport Lif_ Truck/Hyster tO OPFfor Engine 2 Removal 1h 1h 145 Engr

147 Engine 2 Removal Operations 8h 75h 140

148 Position Installer for Engine 2 Removal 2h 1Oh 111 Tech[2],QC,Engr[2]

149 Mate Installer to Engine 2 2h 30h 148 Tech[7],QC[2],Safety[2],Engr[4 ]

150 Terminate Aft Compartment ECS Purge Air per V3555 Oh Oh 149

151 Demate Engine from Orbiter 2h 30h 150 Tech[7],QC[2],Safety[2],Engr[4]

152 Reinitiate Aft Compartment ECS Purge Air per V3555 Oh Oh 151

153 Transport Engine 2 to VAB 1h 1h 152 Engr

154 4h

155

158

157

158

159

180

Install Orbiter Engine 2 interface Covers 2h

Rotate Engine 2 to Horizontal Handler/V5087 2h

Install Rotating Sling and Unload Carrier/Engine O.5h

Mount Carrier on Skid O.5h

Transfer Engine 2 to Horizontal Handler lh

Engine 3 Removal GSE Handling Operations (Roc)/VS087 6h

Mount Carrier on Rail Table/Lift Truck 2h

151 Tech,ClC

14h 153

3.5h Tech[4],OC,Safety,Engr

3.5h 156 Tech[4],OC,Safety,Engr

7h 157 Tech[4],QC,Safety,Engr

30h 158

8h Tech[2],CIC,Engr
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Table 13. OPF rollin to SSME removal tasks (Continued).

ID

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

189

181

1112

183

184

185

186

187

188

189

190

191

192

193

194

195

Task Name I Ouration

Perform Dummy Load Brake Test without Engine 3h

Transport Hyster to OPF for Engine 3 Removal lh

Engine 3 Removal Operations 8h

Position installer for Engine 3 Removal 2h

Mate Installer to Engine 3 2h

Terminate Aft Compartment ECSPurge Air per V3555 Oh

Demate Engine from Orbiter 2h

Reinitiate Aft Compartment ECS Purge Air per V3555 Oh

Transport Engine 3 to VAB 1h

, Install Engine 3 Interface Covers 2h

Rotate Engine 3 to Hodzontol Haadler/V5087 2h

Install Rotating Sling and Unload Carrier/Engine 0.Sh

Mount Carrier on Skid 0.Sh

• Transfer Engine 3 to Horizontal Handler lh

i Work I Predecessors Resource Names

21h 160 Tech[4],QC,Safety,Engr

lh 161 Engr

75h 147

1Oh 162 Tech[2],QC,Engr[2]

30h 164 Tech[7],OC[2],safety[2],Engr[4]

Oh 165

30h 166 Tech[7],OC(2],Safety[2] Engr[4]

Oh 167

lh 168 Engr

4h 167 Tech,QC

14h 169

3.5h Tech[4],QC,Safety,Engr

3.5h 172 Tech[4],QC,Safety,Engr
7h

Engine i Removal GSE Handling Or=orations(Roc)/VSOe7 6h

Mount Carrier on Rail Table/Lift Truck

Perform Dummy Load Brake Test without Engine

Transport Hvster to OPF for Engine 1 Removal

Engine I Removal Operations

Position Installer for Engine 1 Removal

Mate Installer to Engine 1

Terminate Aft Compartment ECSPurge Air per V3555

173 Tech[4],QC,Safety,Engr

3Oh 174

2h 8h Tech[2],QC,Engr

3h 21h 176 Tech[4],OC,Safety,Engr

lh lh . 177 Engr
8h 75h

2h 1Oh 178 Tech[2],OC,Engr[2)

2h 30h 180 Tech[7],OC[2],Safety[2),Engr[4]

Oh Oh 181

Demate Engine from Orbiter 2h

Reinitiate Aft Compartment ECS Purge Air per V3555 Oh

Transport Engine 1 to VAB lh

Install Engine 1 Interface Covers 2h

Rotate Engine I to Horizontal HandlerN5087 6h

Install Rotating Sling and Unload Carrier/Engine 0.5h

Mount Carrier on Skid 0.Sh

Transfer Engine 1 to Horizontal Handler lh

Stow SSME Handling GSF./V5087 4h

Post-Engine Removal Operations 6h

Interface Hardware inspections 4h

Gimbal Bolt/Nut Torque Cycle 2h

SSME Removal Operations Complete/OK to Proceed with MPS Operations Oh

30h 182 Tech [7],OC(2],Safety[2],Engr[41

Oh 183

lh 184 Engr

4h 183 Tech,OC

3Oh 185

3.5h Tech[4],QC,Safety,Engr

3.5h 188 Tech[4],QC,safe;_,Engr

7h 189 Tech[4],QC,Safety,Engr

16h 190 Tech[2],OC,Engr

12h 179

8h 186 Tech,QC

4h 186,193 Tech,QC

Oh 193,194



Table 14. Engine shop turnaround tasks.*

ID

1

2

3

10

11

12

13

14

15

16

17

18

19

2O

21

22

Task Name Duration Work Predecessors

Engine Shop Turnaround! 252.75h 1330h
Nozzle Tube Leak Checks/V1294.()05! ..... 3h 6.5h

.... SSMEinSl:iecti0nsin Enginesfiopicontinuedi/v1011i()2i .......... 252,75h 135.75h ................

Vertical Stand Available Oh Oh

Transfer Engine to Vertical StandN5087! 3h 32.5h 4

HPOTP Post-Flight Torque ChecldV1011.03 Run If 3.75h 11.25h 5
HPFTP Post-Flight Torque Check/V1011.03 Run 1! 3.5h 10.5h 6

HEX Coil Post-Flight Leak ChecldV1294.003! 8h 9h 7

MCC Liner cavity Decay checldV1294.003i .... 3.25h 8.25h 8

HPOTP Removal and ReplacementJV5E02i .... 97.75h 435h 6,8,9

HPFTP Removal and Replacement/V5E06! 101.25h 375.75h 7,8,9

Fueland Hot Gas System Internal and External Leak ChecksN1294.005! 8.75h 21.25h 11

LOX System Internal and External Leak ChecksN1294.006! 8.5h 20.25h 12

SSME Flight Readiness Test and CheckoutiV1294.002! 50.25h 124h 13

GOX System Internal and External Leak ChecksN1294.002! 2.75h 12h 14

Rotate Engine to Horizontal HandlerN5087! 4.25h 38.5h 15

Fuel and LOX Ball Seal Leak Checks/V1294.007! 3.5h 7.5h 16

Move Engineto VAB Transfer Aisle! Oh Oh 17

Engine Encapsulation Leak Check/V1294.007! 23.5h 68.5h 18

Move Engineto Engine Shop! Oh Oh 19

LPFTP Torque Checkt 1.25h 3.75h 20

LPOTP Torque and Shaft Travel! 3.25h 9.75h 21

* Lowest level of detail not shown but available for all subtasks. See table 17 for examples.

L_



o_ Table 15. Engine installation to OPF rollout tasks.

ID

1

2

3

4

5

6

7

8

g

10

11

12

13

14

15

16

17

18

19

2O

21

22

23

24

25

25

27

28

29

30

31

32

33

34

35

36

37

38

39

4O

41

42

43

44

46

Task Name I Duration
Engine Installation to OPF Roll-OuU 4oJD9d

Engine Installation Operations/vsg051 113d

Engine Installation Propsl 3d

Installation Preps In OPFI 3d

Remove/inspect Orbiter Interface Covers(Aft)!

Terminate Aft Compartment ECSPurgeAir per V3555

RemovePVD Controller Duct

Photograph Fluidinterface PanelsperV41DC0.030

RemoveTest Plate/InspectOrbiter LO2Feedlinesper V41SU0.360

RemoveTest Plate/InspectOrbiter LH2 FeedlinesperV41BU0.360

Inspect SSME ControllerPurge Line

ReinitiateAft Compartmel!t ECSPUrge Air per V3555

RemoveTest Plate/InspectOrbiter LO2/LH2 BleedLines

RemoveTest Plate/InspectOrbiter LO?JI_H2Pressurization Lines

RemoveTest Plate/Inspect OrbiterGHe/GN2 Supply Lines

Perform MPS Test Requirements(Aft)

Perform Engine InterfaceFlangeLeak Check Port Verification (Aft)

Perform Orbiter Preps for SSME Installation (Rec)l

i VetifY B°_._a_ F:'u!iID°W! ........

Perform Gimbal Interface Nut/Bolt Verification

InstallS_arm BracketsandTVC Actuator Supportsper V5057

Perform Pre-lnstallationInspectionof Joint O1/1:1Interface Seals

installation Preps in Engine Shopl

installAFV/Helium BaggiePurge Adapters

InstallLiquid Air Insulators

Perform SSME EngineeringWalkdowns

Remove/Inspect Engine InterfaceCovers

Engine I InltollaUon GSEHandling Operltiont/VS0871

Verify LiftTruck, Carderand Rail Table Proofload Validations

9311

24h Oh

Oh

2h

lh

4h

4h

lh

Oh

4h

4h

4h

4h

4h

0.5d

Oh

lh

4h

4h

1.5d

4h

12h

12h

4h

O.63d

0.25h

Transfer Engine to Carrierfrom HorizontalHandler 1.5h

EstablishSafety Clears for EngineLifting Operations

Mount Carrier/Engineon Rail Table/LiftTruck

Transport Hysterto VAB for Engine I Installation
r

Engine 1 Installation Operatlonsl

PositionHyster/Installer for Engine 1 Installation

Terminate Aft Compartment ECSPurgeAir perV3555

Engine 1 Mate to Orbiter

ReinitiateAft Compartment ECSPurge Air per V3555

Transport Hysterto VAB

Engine 3 installation GSEHandling Praps/V50871

Verity Lift Truck, Cartier and Rail Table Proofload Validations

Transfer Engineto Carrier from HorizontalHandler

EstablishSafety Clearsfor EngineLifting Operations

Mount Carder/Engine on Rail Table/LiftTruck

Transport Hysterto OPFfor Engine3 Installation

0.25h

2h

lh

0.88d

2t"1

Oh

4h

Oh

lh

0.63d

0.25h

1.5h

0.25h

2h

11"1

I Work I Predecessors I Resource Names
22O7h

733.5h

241 h

Oh

4h 6 Tech,OC

2h 7 OC,Engr

12h 8 Tech,OC,Engr

12h 9 Tech,OC,Engr

2h 10 Tech,OC

Oh 11

8h 12 Tech,OC

8h 13 Tech,OC
8h 14 Tech,QC

8h OC,Engr

8h Tech,OC

21h
Oh

lh QC

12h Tech(2],QC

8h Tech,QC

148h

8h Tech,QC

24h Tech,OC

108h ' Iecn[3],OC[3],Engr[3]

8h Tech,QC

343h 5

0.5h Tech,QC

6h 29 " Tech[2],QC,Engr

3h 30 Tech[7],QC,Satety,Engr[3]

24h 31 Tech[7],QC,Satety,Engr[3]

lh 32 Engr
79h 28

26h Tech[7] ,OC[2],Safety,Engr[3]
Oh 35

52h 36 Tech[7],OC[2],Safety,En gr[3]
Oh 37

1h 38 Engr

34.5h 39

0.5h Tech,QC

6h 41 Tech[2],QC,Engr

3h 42 Tech[7],QC,Safety,Engr[3]

24h 43 Tech[7],QC,Safety,Engr[3]

lh 44 Engr



Table 15. Engine installation to OPF rollout tasks (Continued).

Ida

Ig

48

47

48

49

5O

51

52

53

54

55

55

57

58

59

6O

61

62

63

64

65

66

67

68

69

7O

71

72

73

74

75

76

77

78

79

8O

81

82

83

64

85

88

87

88

89

9O

Task Name I Duration I

Engine 3 InstallaUonOperetlonsl 0.88d

Position Hyster/Installerfor Engine3 Installation 2h

TerminateAft Compartment ECSPurge Air perV3555 Oh

Engine3 Mate to Orbiter 4h

Reinitiat_Aft Compartment ECSPurge Air per V3555 Oh

Work I Predecessors I ResourceNames
79h 34

26h 40 Tech[7],oc[2],Safety,Eng r[3]
Oh 47

52h 48 Tech[7],QC[2],Safety,Engr[3]
Oh 49

Transport Hysterto VABfor Engine 2 Installation 1h 1h 49 Engr

Engine :_In_iiation GSEHan(iling Preps/V50871 0.63d 34.5h 51

Verify Lift Truck, Carrierand Rail Table ProofloadValidations 0.25h 0.5h Tech,QC

Transfer Engineto Carrierfrom HorizontalHandler 1.5h 6h 53 Tech[2],OC,Engr

EstablishSafetyClearsfor EngineLifting Operations 0.25h 3h 54 Tech[7],QC,Safety,Engr[3]

Mount Carrier/Engine on Rail Table)LiftTruck 2h 24h 55 Tech[7],QC,Safety,Engr[3]

Transport Hysterto OPFfor Engine 2 Installation lh lh 56 : Engr

Engine 2 Installation operationsi ................................................. 0.88d 79h 52

PositionHyster/Installerfor Engine2 Installation 2h 26h Tech[7],OC[2],Satety,Engr[3]

TerminateAff=C=Ompadmen!ECS Purge Air per V3555 Oh Oh 59

Engine 2 Mate to Orbiter 4h 52h 60 Tech[7],QC[2],Safety,Engr[3]
ReinitiateAft CompartmentECSPurge Air per V3565 Oh Oh 61

Transport Hysterto VAB 1h lh 62 Engr

Aft Swings Closed Oh Oh 63

SSME 1,2,3 Interface SecuringOperetlensl 4d 152h 64

Interface HardwareInstallation/GSERemoval 32h 96h Tech[2],QC

ControllerCoolant DUCtInstallation 8h 16h 64 Tech,QC

' Electricaii_haCeConnection .................. 16h 32h 64 Tech,QC

Mate HydraulicQD's per V58AGO.121N9002.06 4h 8h 64 Tech,QC

SSME Interface SecuringComplete

SSMF./MPS integrated TesUngl

Low Pressure Pump Post-lnstellation TorqueChecks/ViOl1.03 Run31

Engine1,2,3 LPFTPTorqueChecks

Engine 1,2,3 LPOTPTorqueChecks

Oh Oh 66

11 28d 246.5h 70

225d 34h

6h 18h Tech,QC,Engr

12h 36h 70,73 Tech,OC,Engr
Orblter/SSME Interface Vedflcatlonl g.O3d

GSEConfiguration for LeakChecks/ViOl 1.04 4h

' Fuel Interface Leak Check/ViOl1 _fil

InstallThroat Plugs

Activate........ MPS 750 psi Pneumatics
Pressurize MPS LH2 Manifold

Perform FuelFeedJoint Ft i/F LeakChecks perV41AXO.020/.030/.040

Perform Fuel BleedJoint F4.3 I/F Leak Checks per V41AXO.020/.030/.040

LH2 Manifold DecayTest/VlOO9.O51

192.5h

4h 74 Tech

0.44d 11h 76

2h 2h Tech

0.25h 1.5h 78 Teeh(2],OC[2],Engr[2]

0.25h 1.5h 79 Tech[2],QC[2],Engr[2]

0.5h 3h 80 Tech[2],OC[2],Engr[2]

0.5h 3h 81 Tech[2],OC[2],Engr[2]
ld Oh 77

Perform LH2 Manifold DecayTest perV41... 8h Oh

Vent FuelSystem Manifoid 0.25h Oh

Secure MPS 750 psi Pneumatics 0.25h Oh 82

SSME ElectricalInterface VerificationNg001VL4 8h 16h 86 OC,Engr
' GOXSystem Interface Leak Check/ViOlin41 ld 33.5h 87

Mate PneumaticFlexhoses/L.eakCheckSetup 2h 6h Tech[2],QC

CloseL02 Prevalvesand PressurizeGO2 PressurizationSystem 0.5h 3h 89 Tech[2],QC[2],Engr[2]



L_
oo Table 15. Engine installation to OPF rollout tasks (Continued).

10

81

g2

83

|4

9S

g6

i7

98

a

log

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

11g

117

118

119

128

121

122

123

124

125

12fl

127

128

129

130

131

132

133

134

135

136

Task Name i Duration

Power Up SSME Controllers per V9OO1VL4 0.5h

Perform AFV Crack/Furl Open Test per V41 BRO.030 0.5h

' Power Down SSME Controllers per vgoo1vL4 O.5h

Perfoim GO2/GCV Ext Leak Check and Orifice Verif. per V41BPO.010 0.5h

Perform GO2 I/F Temperature Xducer Leak Check per V41AYO.320 O.5h

Perform GO2 I/F Flange Leak Check per V41AXO.050 05h

Perform Combined AI_V Seat/Shaft Seai Flow Test per V41BQ01 O0 05h

Disassemble Test Setup 2h

Install Joint 018.1 Flight Plates/V1011.041 2h

Install AF'V Filler/Seal per V41BUO.220 1h

Secure Joint 018.1's lh

• LOX Interface Leak Check/Vi011.051 7h

Configure SSME Drain Lines lh

Perform MPS 750 psi Pneumatic System Activation O.5h

Perform L02 Manifold Pressurization O.5h

Perform LO2 Feed Joint 01 I/F Leak Checks per V41AXOO20L030/.040 lh

Perform L02 Bleed Joint 015 I/F Leak Checks per V41AXO.020/.030/.040 lh

Perform L02 System Interface Mass Spec Leak Checks lh

Perform Joint 018•1 External Leak Check 05h

Vent L02 Feed and MPS 750 psi Systems O.5h

3h

3h

3h

3h

2h

5h

3h

2h

32h

I Wed( I Predecessors I Resource Names

35h 90 Tech[2],QC[2],Eno r[3]

3.5h 91 Tech[2],OC [2],Engr[3]

3.5h 92 Tech[2],OC[2],Engr[3]

93 Tech[2),QC[2],Engr[2]

94 Tech[2],QC[2],Eng r[2]

95 Tech[2J,QC[2J,Engr[2]

96 Tech[2],QC[2],Eng r[2]

97 xech

BB

Tech,QC,Engr

188 Tech,QC

9g

lh Tech

311 103 Tech[2],oc [2],Eng r[2]

3h 104 Tech[2J,QC[2],Engr[2]

6h 105 Tech[2],QC[2],Engr[2]

6h 106 Tech[2],QC[2],Eng r[2]

6h 107 Tech[2],QC[2],Engr[2]

3h 108 Tech [2],QC [2],Eng r[2]

3h 109 Tech[2],Qci2]iEnor[2]

Secu!e L02 Leak Chee k Setup ............... l h l h 110 Tech

GSE Configuration for Hot Gas Leak Checks/V1011.05 2h 2h 102 Tech

Install Throat...... Plugs/V1011,05 2h 4h 112 Tech,Qc

Hot Gas System Interface Leak Checks/V1011.851 6h 22.5h 113

Configu!e SSME Drain Lines . 05h O.Sh Tech

Configure GH2 Pressurization System for Flow Test 05h O.5h Tech

Perform GH2 Pressurization System Flow Test per V418ZO.080 O.5h

Perform GH2 I/F Pressure Xducer Leak Check per V41AYO.350 1h

Perform GH2 press Joint F9.3 I/F Leak Check per V41AXO.O20/.O30L040 l h

Perform GH2 System Interface Mass Spec Leak Checks O.5h

Vent Hot Gas System 05h

Perform PD16 Hardware Installation 1h

Secure Hot Gas Leak Check Setup lh

Throat Plug Removal/Vt 01 t .05 2h

Pneumatic system Interface Leak ChacksN1011.05i 3.5h

Configure SSME Drain Lines 0.5h

Perform SSME 750 psi Pneumatic System Activation lh

Perform Pneumatic I/F Joint P1 Leak Check per V41AXO.O2OLO30L040 lh

Secure SSME 750 psi Pneumatic System lh

Fuel System Interface Insulation Installation/ViOl 1.05 24h

SaME Englno and Dams Mounted Heat $klald Installation 0parational 126h

Position Davit Crane on 19R/G41-20017 2h

Install E-1 R/H EMHs/v41-50024 2h

Install E-3 IJH EMHS/V41-50026 2h

' Install E-3 R/H EMHS/V41-50026 2h

Verify E-3 EMHS Splice Line Hardware Torque Complete/Verify Bolt Protrusion Complete Oh

1.5h 116 Tech,QC,Engr

6h 117 Tech[2],QC[2],Eng r[2]

6h 118 Tech [2],QC[2],Engr[2]

3h 119 Tech[2],QC[2],Engr[2]

3h 120 Tech[2],QC[2],Engr[2]

lh 121 Tech

lh 122 Tech

2h 114 Tech

12.5h 124

Q,5h Tech

5h 126 Tech,QC[2),Engr[2)

5h 127 Tech,QC[2],Engr[2]

2h 128 QC,Engr

48h 125 Tech,OC

1058h 125

12h Tech[4],QC[2]

12h Tech[4],QC[2]

12h 133 Tech(4],QC[2]

12h 134 Tech[4],QC[2]

Oh 135 Tech[4],QC[2]



Table 15. Engine installation to OPF rollout tasks (Continued).

Task Name

Install E-3 R/H DMHS/V41-50023

Install E-3 L/H DMHS/V41-50023

Position Davit Crane on 19L/G41-20017

install E'i _ EMHs/v41-50024

Install E-2 LJHEMHS/V41-50025

i Duration I Work I Predecessors [ Resource Names

2h 12h 136 Tech[4],QC[2]

2h 12h 137 Tech[4],QC[2]

lh 6h 138 Tech[4],OC[2]

2h 12h 139 Tech[4],QC[2]

2h 12h 140 Tech[4],QC[2]

ID

137

138

139

140

141

142 Install E-2 R/H EMHS/V41-50025 2h 12h 141 Tech[4],QC[2]

14,1 Verify E-1 EMHS Splice Line Hardware Torque Complete/verify Bolt Protrusion Complete Oh Oh 142 Tech[4],OC[2]

144 Verify E-2 EMHS Splice Line Hardware Torque CompleteNerify Bolt Protrusion Complete Oh Oh 143 Tech[4],QC[2]

145 Install E-1 L/H DMHS/V41-50021 2h 12h 144 Tech[4],QC[2]

148 Install E-2 R/H DMHS/V41-50022 2h 12h 145 Tech[4],QC[2]

147 Install E-2 L/H DMHS/V41-50022 2h 12h 146 Tech{4],QC[2]

148 Position Oavit Crane on 19R/G41-20017 lh 6h 147 Tech[4],QC[2]

148 install E-1 R/H DMHS/V41-50021 2h 12h 148 Tech[4],QC[2]

150 Lower Davit Crane from Level 19/G41-20017 2h 12h 149 Tech[4],QC[2]

151 Heat Shield Securing/Splice Line Configuration/V41-5002x 48h 288h 150 Tech[4],QC[2]

152 Install Carrier Panels/V80-95907,33,35 98h 588h 150 Tech[4],QC[2]

153 SSME Gimbal Clearance Checksl 17.5h 123h

154 PinTVC Actuators/v1063/vso57 4h 12h 152 Tech[2],QC

155 Install Marking Tape on SSME Nozzle Tubes 2h 2h 154 Tech

158 Perform SSME Heat Shield Verification 1h 1h 155 Tech

157 Hydraulic System Power-Up/V1063/V9002 01 2h 20h 156 Tech[3],QC[3],Engr[4}

157158 MPS TVC Full Excursion Gimbal Clearance Checks/V1063 45h 45h Tech[3],QC[3],Engr[4]

158 SSME TVC Toe-In Clearance Checks/V1063 15h 15h 158 Tech[3],OC[3],Engr[4]

160 SSME 1_/C Actuator Drift TesW1063 15h 15h 159 Tech[3],OC[3],Engr[4]

161 Orbiter Hydraulic Power-Down/V1063N9002.01 1h 1Oh 160,162 Tech[3],QC[3] ,Engr[4]

162 Hydraulic QD Leak Checks per V41AXO.O20/.O30/O40N900206 1h 3h 157 Tech,QC,Engr

163 SSME OPF Roll-Out InspecUons/V41-200031 19h 48h 153

154 Perform SSME Valve Position Verification 2h 10h Tech,OC,Safety,Engr[2]

155 TVC Actuator Midstroke Lock Installation/V5057 4h 12h 164,162 Tech[2],QC
i ............

166 Thrust Chamber Cover Installation/V5057 2h 4h 165 Tech,QC

167 Verify Thrust Chamber Covers Installed per V41 BW0.031 0.25h 05h 166 Tech,OC

168 Verify Bellows Covers Installed per V41BW0.031 025h 0.Sh 167 Tech,QC

153 Verify TVC Actuators Connected per V41BW0.031 0.25h 05h 168 Tech,QC

170 Verify Midstroke Locks Installed per V41BW0 031 025h 0.5h 169 Tech,OC

171 Install Miscellaneous Covers per V5057 2h 4h 170 Tech,QC

172 Visually Inspect Engine Components for Damage 8h 16h 171 Tech,QC

173 Aft Closeout for OPF Roll-Out Complete Oh Oh 163

174 Orbiter Roll-Out to VAR Oh Oh 173
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Table 16. VAB rollin to launch tasks.

ID

1

2

3

4

5

6

7

|

9

10

11

12

' 13

14

15

18

17

18

19

20

21

22

23

24

25

28

27

28

29

3O

31

32

33

34

35

36

37

38

39

4O

Task Name
VAD Roll-in to Leunchi

[ Duration I Work I Predecessors ] Resource Names

Orbiter/ET Mate Operntions/SO0041

Orbiter inTransfer Aisle

Connect Sling]Preps for Orbiter Lift

Rotate Orbiter to Vertical/Disconnect Aft Sling

Orbiter/E FSoftmate

Orbiter/ETHardmate

Sling Removal

TSM Connect

Umbilical Mate

Monoball Connect/Closeout

Hazardous Gas Leak Checks

UltrasonicInspections

TSM static Measurement

External Umbilical Can Closeout

Ready for Orbiter Power-Up

Umbilical Foaming

Purge Curtain Installation

Shuttle Interface Tenting/SO0081

Shuttle Interface Testing Preps

Orbiter Power-Up ......

Orbiter System Checks

S0008 Testing

ET/SRB Power-Up

ET/SRB System Checks

SRB TVC Actuator Testing

Connect SRB TVC Actuators

Umbilical Interface Leak Chec1_11491

Umbilical liderFace Leak check Propsl

Perform GN2 Flowmeter Setup

Perform LO2/LH2 TSM Line Verification

Pufform SSME Tdclde Purge Activntion

Verify PD14 GN2 Purge T-O DisconnectMated

Perform Thrust Chamber Cover Removal/V5057

Activate/;verifySSME Trickle Purge per SO0000.100

Perform TP8 configuration .........

Perform PD4/PD5 HUMS Leak Check Preps

Perform Mass Spec Leak Check Preps

Perform Mass Spec Leak Check Machine Preps

Umbilical Interlace Leak Check Operational

484.87h

144h

Oh

8h

8h

8h

4h

4h

16h

16h

24h

8h

4h

8h

8h

Oh

40h

40h

8h

4h

Oh

8h

4h

4h

592.35h

Oh

Oh

Oh 3

Oh 4

Oh 5

Oh 15

Oh 17

38h Oh

18h Oh

Oh Oh 20

Oh 21

Oh 20

Oh 23

Oh 24

Oh 25

Oh 26

30h 33.75h

12h 2h

4h Oh

4h Oh

15h 2h 31

Oh Oh

lh lh Tech

0.5h lh 34 Tech,OC

4h Oh 31

8h Oh 31

8h Oh 31

2h Oh 31

18h 31.75h 29

Oh 6

Oh 7

Oh 8

Oh 8

Oh 9

Oh 9

Oh 10

Oh 9

Oh 12,14

Oh 15



Table 16. VAB rollin to launch tasks (Continued).

O_

ID

41

42

43

44

45

46

47

48

49

5O

51

52

53

54

55

56

57

58

59

6O

61

62

63

64

65

56

67

68

69

7O

71

72

73

74

75

76

77

78

79

8O

Task Name

Orbiter MPS Helium Fill OD Leak Check

17 Inch Disconnect Timing Checks/2OO psi Leak Checks

MPS LOX Filland Drain QD Leak Check

MPS LH2 Fill and Drain QD Leak Check 4h

...... SSME GN2 Heater Checkout/GN2 Leak Checksl 4h

Configure Heater Power Circuit Breakers 0.25h

Verity Panel Valve Configuration 0.25h

Perform Automated GN2 Panel Valve Checkout O.5h

Close TSM GN2 Supply Valve 0.25h

i °uratl°n I Work I Predecessors I Resource Names
2h Oh

8h Oh 41

4h Oh 42

Oh 43

25.75h

lh Tech,QC,Engr[2]

lh 46 Tech,QC,Engr[2]

2h 47 QC,Engr[2],Tech

1.25h 48 Tech[2],QC,Engr[2]

Pressurize GN2 Panel 0.25h lh 49 Tech,QC,Engr[2]

Establish Safety Clears 0.25h 2h 50 Tech[2],QC[3],Safety,Engr[2]

Open TSM GN2 Supply Valve O.25h 2h 51 Tech[2],QC[3],Engr[2],Safety

Verify No Leakage @ PD14 GN2 Purge Interface per SO000D.020 0.25h 2h 52 Tech[2],QC[3],Engr[2],Safety

Perform BubbleSoap Leak Check of TSM GN2 Lines 0.25h 2h 53 Tech[2],OC[3],Engr[2],Safety

Perform Orbiter GN2 Joint Leak Check 540.25h 2h Tech[2],QC[3],Engr[2],Safety

Perform SSME GN2 Joint Leak Check 0.25h 2h 55 Tech[2],OC[3],Engr[2],Safety

.... Perform GN2 I/F Joint N1 Leak Check per V41AXO.020/.030/.040 0.25h 2h 56 Tech[2],QC[3],Engr[2],Safety

Perform SSME GN2 Heater Checkout O.5h 4h 57 Tech[2],QC[3],Engr[2],Safety

Secure GN2 Flow 0.25h 1.5h 58 Tech[2],QC[2],Engr[2]

SSME MR/Heater T-O interface Verlflcatlonl 2h 6h 59

Distributor PanelsPower Up 0.25h 0.75h QC,Engr[2]

Close Panel Circuit Breakers 0.25h 0.75h 61 Tech,OC,Engr

Perform MFV Heater Checkout per S00000.101 t h

Open Panel Circuit Breakers 0.25h

Power Down Distributor Panels 0.25h

VAB Roll-Out Operations/AS2141 44h

Roll-Out Preps 24h

Shuttle Transfer to Launch Pad 12h

Crawler Transport Operations 8h

3h 62 Tech,QC,Engr

0.75h 63 Tech,QC,Engr

0.75h 64 QC,Engr[2]

Oh

Oh 2

Oh 67

Oh 68

Launch I_adValidation Preps/Sooo9 POSU,s 12h Oh 67

Shuttle 1st Motion to Pad Oh Oh 68

MLP Harddown...... at Padl Oh Oh 71 69
Launch Pad Validation/SO0091 44h 12h 72

Perform PD15/PD16 Connect 44h Oh

Perform A2202 FirexVerification 8h Oh

Activate Pad Helium Supply Panel 8h Oh

Activate SSME Trickle Purge 4h 12h Tech,QC,Engr

Activate T-O Trickle Purge 8h Oh

Perform LDB Sating Panel Verification 8h Oh

Perform Propellant System Switch Validation 8h Oh
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Table 16. VAB rollin to launch tasks (Continued).

IO

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

95

97

gO

95

100

101

182

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Task Name Duration

Perform Recirc Pump Switch Validation 8h

Perform ET OI Power Up 8h

Perform ET OI Instrumentation Checks 8h

Perform ET Level Sensor Cals 8h

Perform Valve Verifications for G2340 LO2/LH2 Checkouts 8h

Perform ET OI Power Down 8h

Extend RSS Oh

Engine Flight Readiness Tasting/V1046.0011 21h

Preps for 88ME Hydraulic Operetlons/V9002.95 7h

SSME Engineering Determine Configuration Required Configuration for Hydraulics 1h

Perform TVC Actuator Preps for Hydraulic Operations/V5057 4h

Remove Drain Line Adapters and Environmental Throat Plugs lh

Perform SSME LPFD Helium Barrier Purge System Venting lh

SSME Controller Power-Up/VgOO1VL4 1h

Shuttle Flight Control System Activation Complete Oh

SSME Controller Load and Sensor Checkout/VgOO1VL4 lh

Hydraulic System Pressurization Complete Oh

Activate SSME 750 psi Pneumatics O.5h

SSME Hydraulic System Conditioning and Actuator Checkout O.5h

SSME Flight Readiness Test 2h

SSME Controller Power-Down Oh

...... Hydraulics and Flight Control•cIOInO-I operetionsl 9h

Aerosurface and SSME Cycling/V1308 3h

Hydraulic System CompressibilityNgO02.O7 1.Sh

Frequency Response Testing/V1034 3h

Hydraulic System Closeouts and Securing/VgO02.O2 3h

SSME Pneumatics Secured Oh

8SME Ball Seal ieak Check Operations/VlO46.002/V1946.0031 4h

install BaseHeat Shield Access Ladder/V35-O0008 1.5h

.... SSMF./rvc Actuator Hydraulic Power-DOWn Securing Requlremants/V9002.06 3.5h

SSME Engineer Determine Required Power Down Configuration lh

Install Midstroke Locks/V5057 1.Sh

Vent Bleeder Plug at Joint P20.2 lh

Install SSME Throat Plugs/V1046.002 2h

FuelValve Ball Seal Leak Check/V1046,002 1h

Oxidizer Valve Ball Seal Leak Cheek/riO46.003 1h

SSME Hydraulic QD X-Rays/VgO02.06 4h

L02 Feed/SSME Pneumatics Vented Oh

LH2 Feed Vented Oh

GO2 Blanking Plate installation/T14021 6h

I Work Predecessors Resource Names
Oh

Oh

Oh

Oh

Oh

Oh

Oh 73

52h

15h

lh Engr

12h 90 Tech[2],QC

1h 91 Tech

1h 92 Tech

7h 89 QC[3],Engr[4]

Oh 94

7h 95 OC[3],Engr[4]

Oh 96

3.5h 97 QC[3],Engr[4]

3.5h 98 QC[3],Engr[4]

16h 99 Tech,QC[3],Engr[4]

Oh 100

Oh 101

Oh

Oh 103

Oh 103

Oh 105

Oh lOS
27h 88

4.5h 106 Tech[2] QC
6.5h

lh Engr

4.5h 111 Tech[2],QC

lh 112 Tech

6h Toch:0C:saf 
5h 114 Tech,OC[2l,Engr[2]

5h 115 Tech,QC[2],Engr[2]

8h 116 Tech,QC

Oh 114

Oh 115

Oh 119



Table 16. VAB rollin to launch tasks (Continued).

t3_

ID

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Task Name

GH2 Blanking Plate Installation/T1401!

Orbiter/ET 17 inch Disconnect Cavity Purge Verification/V1149!

Helium Signature Test/V12021

SSME Preps for Helium Slgnatura Testl

Instali Drain Line Closures

Establish Safety Clears/OK for Thrust Chamber Entry

Perform MCC Liner Taping

I Duration Work Predecessors I Resource Names
6h Oh 120

8h Oh 120,121

34h 18h 120,121

7h 18h

1h 1h Tech

lh 3h 125 Tech,OC,Safety

2h 6h 126 Tech,OC,Safety

Install Throat Plug and Monitor Gage Manifold 2.5h 7.5h 127 Tech,OC,Safety

Mate Flexhose Between Supply Panel and Manifold O.5h O.5h 128 Tech

Perform PV13 GN2 Panel Setup 7h Oh 127
Haz Gas Detection System Preps 3h Oh 130

Pre-Test Helium Intrusion Test 4h Oh 131

MPS GH2/L02 Feed and SSME Hot Gas System Test 3h Oh 132

GO2 System Test 2h Oh 133

LH2 Feed System 2h Oh 134

Orbiter Post-Test Operations 9h Oh 135

GO2 Blanking Plate Installation/'l'1402! 6h Oh 135

GH2 Blanking Plate Instailation/T1401i 6h Oh 137

Ordnance Installation Operations - Part 11 4Oh Oh

Ordnance Installation/PIC Resistance Checks/S5009 16h Oh 138

Ordnance Closeouts/S5009 24h Oh 140

Pre-Launch Hypergolic Propellant Loading Operations/SO0241 64h Oh

Propellant Loading Operations/SO024 40h Oh 141

Propellant Loading Closeouts/SO024 24h Oh 143

Ordnance Installation Operations - Part 21 48h Oh

SRSS System Test 8h Oh 144

Ordnance Connect/PIC Resistance Checks/S5009 16h Oh 146

Ordnance Closeouts/SSO09 24h Oh 147

LOX System Oewpolat and Condltlonlngr_lO051 6.5h 7.75h 148

SSME Thrust Cover Removal/Drain Line Adapter Installation/V5057 2h 4h 147 Tech,OC

Rocketdyne Tech on Station for Dewpoints 2.75h 2.75h 150 Tech

Orbiter and ET OI Power-Up O.5h Oh 150

SSME Trickle Purge Securing lh lh 152 Tech

MPS 750 psi Pneuma;dcsActivation 1.5h Oh 152

ET LOX Tank, SSME, TSM Vent and Engine Bleed Dewpoint 1.5h Oh 153

Main Fill and Drain Dewpoint 1.75h Oh 154

LOX ET Pressure Maintenance 2.5h Oh 154

LH2 System Dewpolnt and Condltloning/SlO061 9.5h 6h 149

LH2 and MPS/SSMEC Power-Up 2h 6h ! 50 QC,EnGr[2]
F/Orbiter Purge and Sample 5h Oh 159



Table 16. VAB rollin to launch tasks (Continued).

IO

161

162

163

164

166

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

164

185

186

187

188

189

190

191

192

Task Name J Duration
Transfer Line Purge and Sample

Vaporizer Purge

Orbiter Aft Closaout/S12871

Aft Confidence Test - Prs-Door Installation

SSME MCC Polishing

TVC Actuator Flight Closeout and Insulation Installation/V5067

MPS Engineering Verification and Walkdown

MPS Initial Preps for Flight/Vg018.001

PD15/PD16 ET Standby Pressure Monitor Securing

EMH$ Insulation Inspection per V41 BU0.420

SSME Engineering Walkdown

SSME Initial Preps for FlightJV9018.001

SSME Quality Waikdown per V410U0.070

.... uPS VJ Line Check_'19 ..........

Verify Midstroke Locks Removed

J Work J Predecesso_ I Resource Names
1.5h Oh 160

lh Oh 161

lOOh 290h 148

12h Oh 148

8h 24h 164 Tech,QC,Safety

34h 102h 164 Tech[2],QC

6h Oh 164

8h Oh 167.

8h Oh 167

8h 24h Tech,QC,Safety166,169 .

8h 40h 170 Engr[5]

8h 24h 171 Tech,QC,Engr

16h 32h 171 Tech,OC
8h Oh 173

Oh Oh 173

LPFD Baggie Installation 6h

LPFD Baggie Leak Check per V41 BU0.380 2h

EMHS Debris Shield Removal 6h

M PS Protective Cover Removal/V35-O0002 16h

SSME Protective Cover RemovaW5057 8h

MPS Solenoid Protective Cover Removal/V35-OOO03 6h

Install Aft 50-1/50-2 Doors for Flight 4h

MPS Functional Verification for Flight- Post-Door Installation/V9018001 8h

SOO07 Launch Countdown Operatlonsl 384_7h

S0007 Launch Countdown Prepsl 80h

S0007 Launch Countdown Preps 80h

SSME Drag On Panel Purge Preps/SOOO7VL1 POSU 8 12h

S0007 Seq 14:T-43 hours to T-11 hoursl 64h

S0007 Seq 15:T-11 hours to T-6 hoursl 7h

S0007 Seq 16:T-6 hours to Launch! 887h

Shuttle Liftoffll Oh

S0007 Seq 17: Post-Launch Securing Operations 16h

18h 173 Tech,OC,Engr

1Oh 176 Tech,QC[2],Engr[2]

8h 177 Tech

Oh 176,174

6h 179 Tech

Oh 179

Oh 161,180,181

Oh 161

137.85h

36h 163

Oh 163

36h Tech,QC,Engr

6.25h 163,186 QC,Engr[2]

21h 188 QC,Engr[2]

26.6h 189 OC,Engr[2]

Oh 190

48h 191 QC,Engr[2]



Table 17. Example of detailed data for scheduled processing in OMEE

ID

1

2

3

4

5

S

7

S

9

10

11

12

13

14

18

16

17

18

19

20

21

22

Task Name I Duration I Work I Predecessors I Resource Names
SSME Inspections in Engine Shop (continued)N1011.021 67.98h

External Inspoctionsl 67.98h

Perform Nozzle External inspectionsper V41 BUO.OJO 8h

Perform Liquid Air Insulator Inspections per V41SUO.033 2h

Perform Main Injector LOX Post Bias Checks per V41 BUO.034 4h

MCC and Nozzle Inspoctionsl 17.5h
Install Thrust Chamber Protective Liner O.5h

135.75h

36h

24h Tech,QC,Engr

4h 3 QC,Engr

8h 4 OC,Engr

34.5h

0.5h Tech

" " Perform Posi-Flight Nozzie inspections perV4i BU0.353 2h " 4h 7 QC,Engr

........... Perform Post_Flight acCLiner insPectionper V_419Uo.351 4h Bh ..... 8 QC,Engr

Perform Post-Flight MCC Liner Polishing per V41BU0.351 8h 16h 9 Tech,QC

Post-Polishing MCC Liner Inspection per V41BUO.351 lh 2h 10 OC,Engr

Perform Ucc...... Bondiine Ultrasonic Inspection per V41BUO.031 2h 4h 11 QC,Engr

Internal Inspectlonsl 1625h 65.25h 6

Perform Flow Recffcuiation inhibitor InsPection perv4i Buo.o40 1h 1h Engr

Perform Main Injector Face Side Inspections per V41BUO,040 4h 4h 14 Engr

Perform Main Combustion Chamber Inspections per V41BUO.040 2h 4h 15 ..... QC,Engr

Perform Fuel Preburner........................Internal Inspection perV_i:l BUO.04O 4h 8h QC,Engr

Perform Oxidizer Preburner Internal Inspections per V41BUO.040 4h 4h Engr

Perform Main Injector Internal Inspections per V41BUO.040 4h 4h 17,18 Engr

VerifY Heat Exchanger (;oils Internal inspection Performed per V5E02 0.25h 0.25h 19 QC

Perform HPFTP Internal Inspectionsper V41]_uo.075 8h 24h Tech,QC,Engr

Perform HPOTP Internal Inspections per V41BUO.065 8h 16h Tech,Engr

ID

1

2

3

4

5

6

Task Name J Duration ] Work Predecessors J Resource Names
HPFTP Poxt-Flight Torque CheckN1011.03 Run 11 3.5h 10.5h

Remove HPFTP Thrust Bearing Housing @ Joint F3.1 0.Sh 1.5h

Install HPFTP Torque Tool O.5h 1.5h

Perform HPFTP Torque Check per V41BSO.O2D Oi5h t.5h

Perform HPFTP Shaft Position and AxialTravel per V41BSO.020 1.5h 4.5h

install Protective Cover @ HPFTP JOintF31i O.5h i.5h

Tech,QC,Engr

2 Tech,QC,Engr

3 Tech,QC,Engr

4 Tech,QC,Engr

5 Tech,QC,Engr

L/I

ID

1

2

3

4

5

6

Task Name I Dorstlon I Work
HPOTP Poxt-Flight Torque Chock/ViOl1.03 Run 11

Remove HPOTP Torque Access Plate @ Joint 09.i

Perform HPOTP Torque Check per V41 BSO.040

Perform HPOTP Shaft Travel Measurement per v4i BS0.044

Perform PBP Impeller Bolt Lock Inspection per V41 BSO.043

Install HPOTP Torque Access Plate @ Joint 09.1

3.75h 11.25h

0.25h 0.75h

0.Sh 1.5h

2h 6h

o.5h 1,5h

0.5h 1.5h

I Predecessors I Resource Names

TeCh,QC,Engr

2 Tech,QC,Engr

3 Tech,QC,Engr

4 Tech,QC,Engr

5 Tech,QC,Engr



APPENDIX C--Unscheduled SSME Operations Data

Figures 20-24 and tables 18-19 present the detailed data collected from SSME processing experi-

ence at KSC relative to unscheduled activities. Figures 20-24 present the remaining unscheduled process-

ing classification types. The sixth, base R&R, is presented in section 5. Following these figures, an un-

scheduled summary data table (table 18) is presented. Finally, an example of the existing level of detail

supporting the flow layouts is presented in table 19.

Duration
ID (hr)

i

1 24.43 ,,
2 0.25 ',
3 0.25',

4 0.5 :
5 o51
6 0.5 ',
7 11.98 ',
8 8!

9 4 i
10 13.9',
11 1F
12 8',
13 2:
14 0.5 :

i

Man-hr

1

0.25
0.25

0.5
0.5
0.5
12
8
4
0
0
0
0
0

y Wednesday[ Thursday I Friday ISaturday [ Sunday41121814;121814 1218|4 12Je141121814
i
i

p

i 't
i
t

b

q

i

i
i
i
i

t

t

i

:12

lh. I . MR Accept Performance Timel;
QC :Determine PRCondition I :
QC DInitiate PR Paperwork i ,,
', 0.5h n ApplyMR ID (if Required) ',

0.5h"v MR Accept Administative Timel i i
Engrn QE Research/ValidatePR I ',

12h . . MR Accept DiagnosticsTimer !
Engr _ Engr/Mgt Review,AssessPR

', Engrr-7 Engr/Mgt DetermineCorrectiveAction"

: Oh ., - MR AcceptDelayTimel I
,, DEngr Disposition PR/MR Accept Rationale

,, _ EngrRoute PR throughSignature Loop

i Ohn EngrDispositionPR Closure ,,
, Oha QEClose PR ,
I I

Figure 20. Base MR accept.

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14

15

!Duration

(hr) Man-hr
33.42', 1

i

0.25:0.25
0.25i 0.25

0 ', 0
t

0.5: 0.5
11.98 ' 12

8! 8
4 : 4

32.43:12.5
i

0.5: 0.5
4 : 4
8 : 8

2.5 : 0
p

2 : 0
, 00.5 L

Y
4

t
t

*

i
i
i
i
J

J

i
i
i
i
i
i
i

i
p

i
i
J
i

i

P
i
i
i

I

WednesdayI Thursday Friday J Saturday [ Sunday
[121814 ;1218 ]4 i1218 i4 i1218 [4 i121 e ] 4 ,12

lh. I . MR Repair Pe_formanceTi,mel
0.25h _Deter_ne PRCondition : ,,
0.25h nlnitiate PRPaperwork ', ',

,' 4'Time/Resourcesfor Correc'divel
i = i

: ', O.5h n ApplyMR ID (if Required) ',
, t i

,,12h_. Mr RepairDiagnosticsTimel ,,

: 8h _ Engr/MgtReview,AssessPR i
', 4h r7 Engr/Mgt DetermineCorrective Actidn

12.5h . . MR RepairAdminstrative_mel
0.5h 0 QEResearch/ValidatePR ',

i 4h _ Engr DispositionPR/MR RepairRati(

(Varies)

(Varies)
iSh [==_Engr Route PRthrough Signature Loop

1 t

' Ohw MR Repair DelayTimel ,i i

i Oh[]EngrDispositionPRClosu!e
', OhnQEClosePR ',
i

Figure 21. Base MR repair.
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Duration
ID (hr) Man-hr

1 0.48 0.5

2 0.25 0.25

3 0.25 0.25

4 0.5 0.5

5 0.5 0.5

6 5 5
7 4 4

8 1 1

9 9.48 9.5

10 4 4
11 4 4

12 1 1

13 0.5 0.5

Duration
ID (hr) Man-hr

1 6.98 0.5
2 0.25 0.25
3 0.25 0.25
4 0 0
5 2 2

6 1 1
7 1 1
8 6.5 4.5
9 0.5 0.5
10 0 0
11 4 4

12 1.5 0
13 0 0
14 0.5 0

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Durationi
(hr) : Man-hr

|

0.48 : 0.5
I

0.25 ', 0.25
t

0.25 ', 0.25
0.5 : 0.5

I

0.5 i 0.5
11.98 I 12

!

8 : 8
4 : 4

!

16.5 : 0
!

1 : 0
12 ! 0
1 : 0

!

2 i 0
0.5 : 0

!

Wednesday Thursday Friday Saturday

11218]4i12]8J4 12 8|4 1218 ]4
, O.5h • PRPerformance Time
I

, 0.25h o DeterminePR Condition
I

, 0.25h a Initiate PR Paperwork
I

, 0.5h • PRAdministrative Time

O,5h a QE Research/ValidatePR

15h_ PR Diagnostics Time

Sunday

12 8 4
I

I

I

I

I

I

I

I

,'4h _=_Engr/Mgt Review/Assess PR _,
' lh, Engr/Mgt Determine Corrective Action
t

,' 9.5h _ PR Delay Time ,'

,' 4h == Engr Disposition PR ',
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', O.5h q Engr Disposition PR Closure

12

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

l

I

I

Figure 22. Base PR accept.
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Table 18. SSME unscheduled processing summary.

ID $SME PR Classification

__ _MRSD Waiver
2 I AFV Filter R&R

3 Baggie Hose R&R

4 Baggie Hose Repair

5 Baggie R&R

8. Oa_

7 Battery R&R

B Burst Diaphragm R&R

9 !Contamination MR Repair

10 Contamination Repair

11 Contamination/Corrosion Accept

12 Contamination/Corrosion MR Accept

13 Contamination/Corrosion Waiver

Tsch QC Enor Engr

Base Base Base Base Total Tech OC Parr
Base Perf

Perf Pad Oleo Admin MHrs
MHrs MHrs

MHrs MHr= MHre MHrl

0 0.5 12 0.5 13 0 0

0 0.5 2 6.5 9 1 1 I

0 0.5 2 6.5 9 1.25 125

0 0.5 2 4.5 7 1 1

0 0.5 2 6.5 9 1.5 1.5

Engr

Perf

MHrs

0

8.5

Oi

ol
9

Total

Pod

MHn

Total No. No. No.

MHrs Tachs QCs Engm

0 13 0 0 0

10,5 19.5 1 1 1

2.5 11.5 1 1 0

2 9 1 1 0

3 12 1 1 0

14 CControIler R&R: POSt-FRT

15 Controller R&R: Pre-FRT

16 Coolant Diffuser R&R

17 Coolant Duct R&R

111 EDNI Accept

19 EDNI MR Repair

20 EDNI R&R

21 EDNI Repair

22 Elliptical Plug R&R

23 Engine Assembly R&R

24 Engineedng Change

25 Flange Sealing Surface MR Repair

26 Flange Sealing Surface Repair

27 FPB Oxidizer Suppl_yDuct R&R: POSt-HPOTP

2B FPB Oxidizer Supply Duct R&R: Pre-HPOTP

29 Fuel Bleed Duct R&R

30 Functional Failure Accept

31 Functional Failure Clean/Adjust

32 Functional Failure MR Accept

33 Functional Failure Reperform/Retest

34 Functional Failure Waiver

35 GCV Assembly R&R

0 0.5 2 4.5 7 0.751

0 0.5 2 6.5 9 1251

0 0.5 2 6.5 9 0.5

0.5 0.5 12 12.5 25.5 1.25

0 0,5 2 4.5 7 1.75

0 0.5 5 0.5 6 0

0.5 0.5 12 0.5 13.5 0

0 0.5 12 0.5 13 0

0 0 5 2 6 _ 9 154.5

0 0.5 2 6.5 9 35.5

0 0.5 2 6.5 9 2

0 0.5 2 6.5 9 2

0 0.5 5 0.5 6 0

0.5 0.5 12 12,5 255 5.5

0 0.5 2 6.5 9 7

0 0.5 2 4.5 7 6

0 0.5 2 65 9 1

0 0.5 2 6.5 9 8

0 0,5 12 0.5 13

0.5 0.5 12 12.5 25.5

0 0.5 2 45 7

0 0.5 2 6.5 9

0 0.5 2 6.5 9

0 0,5 2 6.5 9

0 0,5 5 O,5 6

0 0,5 2 4.5 7

0.5 0.5 12 05 135

0 0.5 2 4.5 7

0 0.5 12 0.5 13

0 0.5 2 6.5

0.75 0

1 25 0

o.51 o
1 25 0

1.75 0

0 0

0 0

0 0

74.25 93.25

14.5 13

2 0

2 0

0 0

5.5 0

7 0

6 0

11 o
8 t 8r5

0 O[ 0

3.5 35 ! 24.5

4 4 I 6.5

22:5 14.5_ 1

13 9r o
5 5 0

0 0 0

4 4i 0

0 0 0

2.5 2.5 0

0 0 0

1.5 8.5 1 1 0

2.5 11.5 1 1 0

1 10 1 1 0

2,5 28 1 1 0

3.5 10.5 1 1 0

0 6 0 0 0

0 13,5 0 0 0

0 13 0 0 0

322 331 na na na

63 72 na =na na

4 13 1 1 0

4 13 1 1 0

0 6 0 0 0

11 36.5 1 1 02311o
i2_I 19 1 I 0

11 1 1 0

24 33.5 1 1 1

01 13 0 0 0
F

31.51 57 1 1 1

145 21.5 1 1 1

38• 47 na na na + +

22 31 na I na na

10 19 1 I 1 0
F

0 6 0[ 0 0
)

S _, 15 I i 1 0
0 13.5 o i 0 0

5 12 1 1 0

0 13 0 0 0

6 ! 15 ! na n_ na9 3 3 0



Table 18. SSME unscheduled processing summary (Continued).

O_

ID SSME PR Classification

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Hardware Configuration Accept

Hardware Configuration MR Accept

Hardware Configuration MR Repair

Hardware Configuration Reinstallation

Hardware Configuration Waiver

Hardware Crack/Weld Defect MR Repair

Hardware Crack/Weld Defect Repair

: Hardware Damage Accept

Hardware Damage MRAccept

Hardware Damage MR Repair

Hardware Damage Repair

Hardware Damage Waiver

Harness Accept

Harness MR Accept

Harness MR Repair

Harness R&R: POSt-FRT

52 Harness R&R: Pre-FRT

53 Harness Repair

54 Heat Shield Clip/Bracket R&R

55 Hot Gas Manifold R&R

56 HPFD R&R: Pad

57 HPFD R&R: Shop POSt-FRT

58 HPFD R&R:Shop Pre-HPFTP R&R

59 HPFTP Bellows Shield R&R

60 HPFTP R&R: Pre-R&R

61 HPFTP Thrust Bearing Housing R&R

62 HPOTP PreburnerVolute R&R

68 HPOTP R&R: Pre-R&R

64 HPOTP Turbine Housing R&R

65 HPVAssembly R&R

66 Hydraulic QD R&R

67 Igniter R&R

68 Line Assembly R&R

89 L0X Post Support Pin R&R

70 LPFD R&R: OPF/Pad

Tech QC Enor

Base Base Base

Perf Perf Oia9

MHrs MHrs MHrs

0 0.5 5

0.5 0.5 12

0,5 0.5 12

0 0,5 2

0 0.5 12

0.5 0,5 12

0 0.5 2

0 0.5 5

0,5 0.5 12

0.5 05 12

0 0.5 2

0 05 12

0 0.5 5

0.5 0.5 12

0,5 0.5 12

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 05 2

0 05 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0,5 2

0 0.5 2

0 0.5 2

0 0.5 2

Engr

Base

Admiu

MHrs

0.5 6

0.5 13.5

12.5 255

4.5 7

0.5 13

12.5 25.5

4.5 7

05 6

0.5 135

12.5 25,5

4.5 7

0.5 13

0.5 6

Total Tech Engr Total
QC Perf Total No.

Base Perf Perf Perf
MHrs MHrs Techs

MHrs MHrs MHrs MHrt

No, NO,

QCs Engrs

0 0 0 0 6 0

0 0 0 0 13.5 0

2.5 2.5 0 5 30.5 1

3 3 0 6l 13 1

0 0 0 0 13 0

7,5 7.5 0 15 40.5 1

8 8 0 16 23 1

0 0 0 0 6 0

0 0 0 0 13.5 0

3.5 3.5 0 7 32.5 1

4 4 0 8 15 1
0 0 0 0 13 0

O 0 0 O_ 6 0

0.5 13.5

12.5 25.5

6.5 9

6.5 9

4.5 7

6.5 9

65 9

6.5 9

6.5 9

6,5 9

6.5 9

6.5 9

6.5 9

6.5 9

6.5 9

6.5 9

6.5 9

65 9

6.5 9

6.5 9

6.5 9

6.5 9

0 0 0

2 2 0

11 4 4

3 3 0

2.5 2.5 0

1 1 0

4 4 8.5

70.75 27.25 9

3725 26.75 8

23.25 13 2.5

2 2 0

0 0 0

8 8 0

16 16 0

0 0 0

2 2 0

8 8 0

6 6 0

2 2 0

5 5 0

0 10 8.5

64.75 24.75 5.5

ol
4]

19j

16.5 i

107!

38.75 _

4_

ol

13.5 0 0 0

29.5 1 1 0

28 na na na

15 _ 1 1 0

12 1 1 0

11 1 1 0

25.5 1 1 1

116 na na na

81 na na na

47.75 na na na

13 1 1 0

9 na na na

25 1 1 0

41 1 1 0

9 na na na

1 1 0

1 1 0

1 1 0

I 1 0

1 1 0

0 1 1

na na

4! 13

16 i 25

12 I 21

4 I 13

10_ 19

18.5 27.5
95 104 na
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Table 18. SSME unscheduled processing summary (Continued).

SSME PR Classification

Tnch QC Engr Engr
Total Tech Engr

Base Base Base Base OC Psrf
Bass Perf Porf

Pod Pod Diag Admin MHrs
MHrs MHrs MHrs

MHrs MHrs MHrs MHrs

Total

Pe_

MH_

Total No. No. No.

MHrs Tschs OCs Engrs

71

72

73

74

75

76

77

70

70

80

61

02

as

04

05

OB

07

OO

BB

BO

91

02

03

B4

05

gB

97

9!

go

lOB

101

102

103

104

105

106

LPFD R&R: Shop Pre-HPFTP R&R

LPFT Discharge Duct R&R

LPFT Drive Duct R&R

LPFTP R&R

LPOD R&R

LPOTP R&R

Main Injector Assembly R&R

MCC Assembly R&R

MCC Roughness Repair

Miscellaneous Hardware Config. MR Repair

Miscellaneous Hardware Config. Repair

Miscellaneous Hardware Damage MR Repair

Miscellaneous Hardware Damage Repair

Miscellaneous Hardware R&R

MOVA R&R: Pad

MOVA R&R: Shop

Nozzle FRI R&R

Nozzle R&R: Post-Testing

Nozzle R&R: Pre-TesUng

Nozzle TPS MR Realpalr

0 0.5 2

0 0.5 2

0 0.5 2

0 05 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

05 0.5 12

0 0.5 2

05 0.5 12

0 0.5 2

0 0.5 2

0 0.5 2

0 0.5 2

Nozzle TPS R&R

Nozzle TPS Repair

Nozzle Tube Leak MR Accept/Waiver

Nozzle Tube Leak MR Repair

OPB Oxidizer Supply Duct R&R

Orifice R&R

PCA Assembly R&R

Pogo Baffle R&R

Powerhead Assembly R&R

Requirement/Documentation Change

RIV Assembly R&R

Seal R&R

Sensor Accept

Sensor Mount R&R

Sensor MR Accept

Sensor R&R: Po#t-Ch_ckouts

I 0 i 0.5 2

1 0.5 0.5 12

0 0.5 2

0 0.5 2

0 0.5 12

0.5 0.5 12

0 0.5 2

Ooi 0.5 2
0.5 2

0 0.5 2

0 0.5 2

0 0.5 12

0 0.5 2

0 0.5 2

0 0.5 5

0 0.5 2

0.5 0.5 12

0 0.5 2

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

4.5

12,5

4.5

12.5

4.5

6.5

6.5

65

6.5

6.5

6.5

12.5

6.5

4.5

0.5

12.5

6.5

6.5

6.5

65

6.5

0.5

6.5

6.5

05

6.5

0.5

6.5

23.5 11.5

26 10

25 10

53.5 29

57.25 26.25

52.5 28,5

4 4

4 4

7, 4

25.5 2

7 2.5

25.5

7

9

9

9

9

9

9

25.5

9

7

13

25.5

91
9i

91
91

9

13

9

9

6

9

13.5

9

2

25

6

795

2925

221.5

245

213.5

4

2

2.5

2

25

6

50.25

18.75

119.25

133.75_ 65

11125 ;4
55

8

4

0

7.5 7.5

6 4

2 2

15 12

51 25 24.25

4

0

6.75

1

0

1

0

19

5.5:

8i
4_

O;

4"

0

6.75

1

0

1

0

8

0

0

0

0

24.5

0

0

0

4

8.5

0

0

0

0

0

0

8

2.5 37.5

0 36

0 35

11.5 94

4 87.5

13 94

8.5 16.5

8.5 16.5

6.5 14,5

0 4

0 5

0 4

0 5

0 12

62.75 192.5

3.5 51.5

54 394.75

443.75

378.75

11

16

8

0

39.5

10

4

24

79.5

16.5

0

13.5

2

0

2

0

35

25.5

21.5

29.5

12

29.5

12

21

201.5

60.5

403.75

452.75

387.75

36.5

25

15

13

65

19

13

33

88.5

25.5

13

22.5

11

6

11

13.5

44

46.5 na

45 na

44 na

103 na

96,5 na

103 na

25.5

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

1

1

1

1

1

1

1

1

na

na

na

na

na

1

1

1

0

1

na

1

1

na

1

0

na

1

0

1

0

na

na

na

na

na

na

na

1

1

1

1

1

1

1

1

na

na

na

na

na

1

1

1

0

1

na

1

1

na

1

0

na

1

0

1

0

na



Table 18. SSME unscheduled processing summary (Continued).

ID SSME PR Classification

Tech OC Engr Engr
Base Base Base Base Total Tech QC Peff Engr

Base Perf Ped
Ped Peff Diag Admin MH_

MH_ MHrs MHn
MH_ MHm MH_ MH_

Total

Perf

MHrs

Total No, No, No.

MHrs Techs QCs Engrs

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

Sensor R&R: Pre-Checkouts

Sensor Repair
Stud/Bolt R&R

Surface Corrosion MR Repair

Surface Corrosion Repair

Surface Discoloration MR Repair

Surface DiscolorationRepair

Threads Damage Repair
TVCA Pin R&R

Valve Actuator R&R: Pad Post-Testing

ValveActuator R&R: Pad Pre-Testing

Valve Actuator R&R: Shop Pre-Testing
Valve R&R: Pad

Valve R&R: Shop Post-Testing

Valve R&R: Shop Pre-Testing
HPFTP R&R: Post-R&R

HPOTP R&R: Post-R&R

0 0.5 2 6.5 9 1 _; 1
0 0.5 2 4.5 7 2 5 ! 2.5

0 0.5 2 6.5 9 3 ] 3

0.5 0.5 12 12.5 25.5 3.5 3.5

0 0.5 2 4.5 7 41 4

0.5 0.5 12 12.5 25.5 3.5 1 3.5

0 0.5 2 4.5 7 4 i 4
I

0 0.5 2 4.5 7 31 3

0 0.5 2 6.5 9 5 5

0 0.5 2 6.5 9 99.5 63

0 0.5 2 6.5 9 49.25 _ 31.5

0 0.5 2 6.5 9 49.25 i 31.5

0 0.5 2 6.5 9 127.751 80.25

0 0.5 2 6.5 9 127...75.; 80.25

0 0.5 2 6.5 9 77,5 48.75

0 0.5 2 6.5 9 197 I 122.75
0 0.5 2 6.5 9 239.51 142.25

0 2

0 5

0 6

0 7

0 8

0 7

0 8

0 6

0 10

74 236.5

14.75 95.5

14.75 95.5

93.5 301.5

93.5 301.5

18.25 144.5

56 375.75

53.25 435

11

12

15

32.5

15

32.5 1

15 1

13 1

19 1

245.5 na

104.5 na

104.5 na

310.5 na

310.5 na

153.5 na

384.75 na

444 na

1 1 0

1 1 0

1 1 0

1 1 0

1 1 0

1 0

1 0

1 0

1 0

na na

na na

na na

na na

na na

na na

na na

na na

...i
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Table 19. Example of detailed data for unscheduled processing.

ID

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

3O

31

32

33

34

35

36

Task Name Duration Work Predecessors Resource Names

LPFTP Removal and ReplacemenWSF.241 37.5h

LPFTP GSE Removal Prapsl 2h

Verify Proofload 2h

Perform LPFTP Receiving Inspection lh

LPFTP Removal Prapsl 205h

LAI Removal 2h

Disconnect LPFTP Drain Line @ Joint D17 0.5h

Disconnect LPFD @ Joint F2 3h

Support LPFD 0.Sh

Disconnect LPFT Drive Duct @ Joint F8 3h

Support LPFT Drive Duct 0.5h

.. Disconnect LPFT.Discharge Duct@ Joint F9 3h

Support LPFT Discharge Duct 0.5h
m,

Demate Connectors @ LPFT Speed Transducer Joint F1.1 th

Install Handler Sling 1h
| .........

Reference Check Joints F2, F8 and F9 5h

Horizontal Handler Removal Preps 0.5h

LPFTP Removal from Enginel 7.25h

Establish Safety Clears for LPFTP Removal 0.25h
Connect J-Hook to Handler Sling lh

Lower LPFTP to Floor 1h

Install LPFTP into Shipping Container 5h

LPFTP Installatlonl 225h
Establish Safety Clears for LPFTP Installation 0.25h

Connect J-Hook to Handler Sling 1h

Install LPFTP onto Engine lh

LPFTP Se©urlngl 11.5h

Torque and Stretch Joint F9 2h

Torque and Stretch Joint F8 2h

Torque and Stretch Joint F2 2h

Install LPFTP Speed Transducer @ Joint Ft .1 1h

Perform Electrical Connector Mates 2h

Secure LPFTP Drain Line @ Joint D17 0.5h

Perform LPFTP Torque check 1.5h

RTV Bolt Heads @ Joints F2, F8 and F9 and Reinstall LAI 0.5h

Retest Verification ! 1h

Tech,QC

Tech,QC

94h

6h

4h

2h

25.5h

2h Tech

0.5h 6 Tech

3h 7 Tech

0.5h 8 Tech

3h 9 Tech

0.Sh 10 Tech

3h 11 Tech

0.Sh 12 Tech

lh 13 Tech

lh 14 Tech

10h 15 Tech,QC

0.5h 16 Tech

23.5h 5

1.5h Tech[3],QC,Safety,Eng r

6h 19 Tech [3],QC,Safety,Engr

6h 20 Tech[3],OC,Safety,Eng r

10h 21 Tech,QC

13.5h 21

1.5h Tech [3],QC,Safety,Engr

6h 24 Tech[3],OC,Safety,Engr

6h 25 Tech[3],QC,Safety,Engr

24.5h 23

4h Tech,QC

4h 28 Tech,QC

4h 29 Tech,QC

2h 30 Tech,QC

4h 31 Tech,QC

lh 32 Tech,QC

4.5h 33 Tech,OC,Engr

I h 34 Tech,OC

lh 27 Engr



APPENDIX DmPertinent SSME Results From Analysis of Data Collected

Figures 25-28 present examples of the fidelity of results supported by the data collected. These

results, of course, apply to SSME processing and are subject to the assumptions, ground rules, and constraints

described in section 5.

OPFRollout Preps
(71 man-hr) 1%

Interface Verification
(307 man-hr) 3=,

Shop FRT's&
Leak Checks

(1,271 man-hr) 11%

VAB Operations
(54 man-hr) 0%

OPF Rollin
Operations

(343 man-hr) 3%

Pad Operations
(1,126 man-hr) 10%

SSME Inspections (OPF)
492 man-hr) 4%

HeatShield R&R

(1,335 man-hr) 12%

SSME R&R

(1,189 man-hr) 11%

HPTPR&R

(3,624 man-hr) 34%

SSME Inspections (Shop)
(1,267 man-hr) 11%

*Based upon three-engine processing

Figure 25. Total SSME manhours by process type.*
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APPENDIX E---Reliability of Engine Sets With Engine Out Capability

The reliability estimates of future launch vehicles can be further refined upon receipt of more

accurate estimates of engine reliability, catastrophic failure probabilities, coverage time, and trajectory

requirements. This is a discussion of the effect of engine out capability and time of engine out on the

reliability of aerospace vehicles. This study looks at sample data, sets out basic formulas, and presents

results related to the issue of engine out. For the purpose of this study, only engine data will be considered.

Upstream component reliabilities such as tanks, feed systems, power systems, etc. will be omitted.

Certain definitions are important to this discussion. Engine failure is failure to provide the level of

thrust desired at the time desired. Catastrophic failure in an engine is a failure that results in a failure of a

second engine in an engine set. Benign failure is the proportion of failures where failure does not result in

catastrophic failure. Time of engine out refers to the time at which an engine can be shut down and the

remaining engines will still provide the necessary thrust to achieve the desired orbit. Time of engine out
refers to a known event.

Engine out capability is generally believed to provide increased overall engine set reliability. For

example, using a binomial distribution27, 28 to analyze the example of three engines with one engine out at
launch is as follows:

R = pn + npn-l(l_p); where R is the engine set reliability, p the engine reliablity, and n the number

of engines with one engine out capability.

A comparison between a two-engine set with no engine out capability and a three-engine set with

one engine out capability is presented in table 20.

Table 20. Engine out capability comparison.

Engine
Reliability

(R)
0.95
0.97
0.99
0.999

TwoEngines/
NoOut
(R:p2)
0.903
0.941
0.98
0.998

ThreeEngines/
OneOut

(R)
0.993
0.997
0.9997
0.999997

With a baseline engine reliability at the above values, there is a significant gain displayed by a

three-engine set with one engine out as opposed to the two-engine set with no engine out capability. The

gain diminishes as the engine reliability improves.
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This analysis is now expanded. The cases need to be examined where catastrophic failure fraction

and coverage times are varied. The formula that incorporates time of engine out and benign failure fraction

is:29

REO =S nTdnR n [1+ Tu n-1 bn(R -c- 1)] .

The parameters in the formula are:

R = Engine reliability

REO = Engine set reliability

S = Startup reliability

Td = Throttle-down reliability

Tu = Throttle-up reliability

b = Benign failure fraction

c = Coverage

n = Number of engines.

For the following analysis, the formula will be simplified by setting both the throttle reliability and

and startup reliability to 1. It is assumed, in this case, that throttling is accomplished within design margins

and that startup reliability is ensured by some event such as holddown, both reasonable assumptions.

One study of the SSME 3° has suggested that such a catastrophic failure could occur in the main

engines approximately 17 percent of the time (benign failure fraction of 83 percent). This is derived data

based on a small amount of data--almost all main engine tests have occurred singly and the study concluded

that only 3 of 17 failures could have resulted in a second engine failure. This conclusion was generated

based on the incidence of explosions and test stand damage that occurred. The small amount of data,

typical in the aerospace industry, makes it difficult to draw definitive conclusions or to use confidence

intervals.

Another factor to be considered in overall engine set reliability is the time of engine out. If all three

engines are needed for 100 sec of flight and then only two are necessary to obtain orbit, this time of engine

out translates to an increased reliability for the engine system.

With example engine reliability, table 21 can be generated. Two conclusions can be drawn. First the

probability of catastrophic failure rather quickly degrades the increase of reliability gained due to engine

out capability. From table 21, at 0.97 reliability and engine out at time 0, a catastrophic failure probability

increase from 0.1 to 0.25 results in a decline in reliability from 0.9889 to 0.9762 for the three-engine case.

Still, this is considerably higher than the two-engine, no out case reliability of 0.941.

Second, it is evident that reliability can be gained if some engine out time is possible. For example,

if engine out is possible for two-thirds of the flight (0.97 engine reliability and 0.2 catastrophic failure

factor), then the reliability goes from 0.913 to 0.9578--a significant gain. Note that the engine reliability at

t= 1 for all catastrophic failure factor values is equal to the n engines/no out capability since this is equivalent

to all engines being necessary for the full-duration flight.

78



Table 21. Engine out and time of engine out comparison.

Engine Catastrophic EngineOut Three Engines/
Reliability Failure Probability Time One Out Reliability

0.95 0.1

0.97

0.99

0.999

0.2

0.25

0.1

0.2

0.25

0.1

0.2

0.25

0.1

0.2

0.25

0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1

0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1
0
0.33
0.67
1

0.9792
0.9383
0.8969
0.8574
0.9657
0.9293
0.8925
0.8574
0.9589
0.9248
0.8903
0.8574
0.9889
0.9635
0.9376
0.9127
0.9804
0.9578
0.9348
0.9127
0.9762
0.9550
0.9334

0.9127
0.9968
0.9880
0.9790
0.9703
0.9938
0.9860
0.9780
0.9703
0.9924
0.9850
0.9776
0.9703
0.9997
0.9988
0.9979
0.9970
0.9994
0.9986
0.9978
0.9970
0.9992
0.9985
0.9977
0.9970
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